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This dissertation reports the results of laboratory studies of lunar soil samples, gas-tosolid filamentary enstatite grains from a likely-cometary interplanetary dust particle (IDP),
and exogenous clasts in the CH3 chondrite Acfer 182 that likely originated from a differentiated basaltic planetesimal. These studies were performed using multi-instrument analyses
involving high-resolution scanning and transmission and electron microscopy (SEM/TEM)
techniques, nanoscale secondary ion mass spectrometry (NanoSIMS), synchrotron infrared
nanospectroscopy (SINS), electron probe microanalysis (EPMA), and Raman spectroscopy.
The results of these analyses are used to examine space weathering phenomena, energetic
processing and radial transport in the protoplanetary disk, and the origins of igneous inclusions in a chondritic meteorite.
SINS measurements of vertical cross-section samples extracted from two mature lunar
soils (10084 and 79221) were used to investigate the depth-dependent effects of space weathering in the mid-infrared, 1500–700 cm−1 (6.7–14.3 µm). Space weathering induces reddening,
darkening, and diminished contrast in the infrared spectra of lunar material. The physical
and chemical changes hypothesized to be responsible for these optical effects occur on scales
below the diffraction limit of traditional far-field spectroscopic techniques. The sub-micron
resolution measurements reported here provide evidence that the effects of space weathering
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vary continuously as a function of distance from the space-exposed surface. These findings
are broadly consistent theoretical models of space weathering and provide a direct spatial
link between the physical/chemical changes in space-exposed grain surfaces and spectral
changes of space-weathered bodies.
Filamentary enstatite crystals, formed by gas-solid condensation in the solar nebula, are
found in chondritic porous interplanetary dust particles of probable cometary origin. The
oxygen isotopic composition of four filamentary enstatite grains from the giant cluster interplanetary dust particle U2-20 GCP are reported. These grains represent both the
solar (∆17 O ≈ −30

h) and

16

O-poor planetary (∆17 O ≈ 0

16

O-rich

h) isotope reservoirs. These

measurements provide evidence for very early vaporization of dust-poor and dust-rich regions of the solar nebula, followed by condensation and outward transport of crystalline dust
to the comet-forming region very far from the Sun.
A 100 µm × 50 µm grain of the rare titanium sulfide mineral heideite containing exsolution lamellae of calcium-rich titanium oxide was observed in the CH3 chondrite Acfer 182.
Also observed were two phosphide spherules of schreibersite and barringerite with kamacite
eutectic structures. Thin veins of shock-induced kamacite cross-cut the oxide lamellae, suggesting that it was ejected into the protoplanetary debris disk during an impact event before
eventually being accreted by the CH chondrite parent body. This assemblage is distinct from
heideite grains found in enstatite chondrites, aubrites, and the Kaidun meteorite and likely
originated from a differentiated, highly-reduced planetesimal in the inner Solar System.
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We are just a slightly advanced breed of monkeys
on a minor planet of a very average star.
But we can understand the Universe,
and that makes us something very special.
—Stephen Hawking
October 16, 1988
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CHAPTER 1
Introduction
Chapter 1: Introduction
This dissertation covers a series of analyses interrogating the conditions present at various times and places throughout the Solar System as recorded by various extraterrestrial
samples. To this end, a suite of experimental techniques including scanning and transmission
electron microscopy (SEM/TEM), nano-scale secondary ion mass spectrometry (NanoSIMS),
synchrotron infrared nanospectroscopy (SINS), Raman spectroscopy, and electron probe
micro-analysis (EPMA) were used to study samples prepared using focused ion beam (FIB)
techniques. The samples studied in the course of this work include gas-to-solid filamentary
enstatite (MgSiO3 ) from a likely-cometary interplanetary dust particle (IDP), exogenous
clasts found in the CH3 chondrite Acfer 182, and lunar soil grains returned by the Apollo
missions. This Chapter serves as a brief introduction to the topics explored in each subsequent Chapter.

Chapter 2: Background
Chapter 2 of this dissertation provides a brief background for the geophysical and astrophysical process interrogated by the studies contained therein. The history of our Solar
System, from the collapse of the giant molecular cloud to space weathering effects that op1

erate today, is presented with a focus on the protoplanetary disk and debris disk phases. In
addtion, the specific physical and chemical phenomena that created or altered the material
present throughout the Solar System are explored. This Chapter additionally provides background information regarding the types of extraterrestrial material availble for study with
greater emphasis placed on the types of samples studied for this dissertation.

Chapter 3: Methods
Chapter 3 of this dissertation outlines the experimental techniques and sample preparation
methods employed for this work. This discussion includes brief summaries of the theory and
operational procedures for SEM, TEM, NanoSIMS, SINS, EPMA and Raman spectroscopy.
Additionally, this Chapter includes a thorough description of the FIB techniques that were
iterated or developed for the purposes of preparing samples for this work. These sample
prepartion methods specifically involve the use of a computer-controlled micromanipulator
to deposit samples onto mounts compatible with each experimental technique. The steps for
creating mounts with internal standards and topography suitible for use in an atomic force
microscope (AFM), including novel micromanipulation procedures, are also described.

Chapter 4: Synchrotron Infrared Nanospectroscopy of
Space Weathered Lunar Grains
Chapter 4 is adapted from the peer-reviewed journal article by K. L. Utt, R. C. Ogliore, H.
A. Bechtel, J. J. Gillis-Davis, and B. L. Jolliff titled “Detecting sub-micron space weathering
effects in lunar grains with synchrotron infrared nanospectroscopy”, Journal of Geophysical
Research: Planets, 126 (2021). This paper discusses the near-field infrared spectra of space
weathered lunar soil grains collected by SINS. In particular, we report the discovery the
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reduced spectral contrast, spectral reddnening, and overall spectral darkening occur in the
mid-infrared with magnitude inversely-correlated with depth from the space-exposed surface
of the grain. With these spatially-resolved results, a direct connection can be drawn between
the bulk spectral properties of space weathered material and the microstructural defects
hypothesized to cause them. The potential role of shock in space weathering is also discussed.

Chapter 5: Oxygen Isotopic Diversity in Cometary VaporPhase Condensates
Chapter 5 is adapted from the (currently under peer-review) journal article by K. L. Utt,
R. C. Ogliore, N. Liu, A. N. Krot, J. P. Bradley, D. E. Brownlee, and D. J. Joswiak, “Diverse
O-isotopes among cometary vapor-phase condensates (Under Review)”, Geochimica et Cosmochimica Acta (2022). This paper covers the discovery of highly-variable oxygen isotopic
compositions among whiskers and ribbons of vapor-phase filamentary enstatite found in a
likely cometary IDP. The oxygen isotopic compositions measured for these grains spans from
extremely

16

O-rich to relatively

16

O-poor, suggesting that filamentary ensatite was formed

throughout the early protoplanetary disk. One of the studied samples, measured to be among
the most

16

O-rich Solar System material ever reported, is likely to have originated from very

near (within 0.1 AU) the young Sun. The implications of these results on models of radial
transport in the protoplanetary disk on the accretion of cometary nuclei are additionally
explored.
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Chapter 6: Potential Mercurian Missives—Achondritic
Impact Debris in the CH3 Chondrite Acfer 182
Chapter 6 is adapted fom the (currently in preparation) journal article by K. L. Utt,
R. C. Ogliore, M. J. Krawczynski, P. K. Carpenter, and A. Wang, “Achondritic impact
debris in the CH3 chondrite Acfer 182: A possible Mercurian inclusion (In Preparation)”,
Geochimica et Cosmochimica Acta (2022). This paper reports the discovery of three exogenous clasts—two phosphide spherules and an assemblage of the extremely rare titanium
sulfide mineral heideite—in Acfer 182 that are consistent with having originated from an
extremely reduced, differentiated basaltic planetesmial in the inner Solar System. The results of the multi-instrument analyses performed on these objects are compared with data
obtained by NASA’s “Mercury Surface, Space Environment, Geochemistry, and Ranging”
(MESSENGER) mission to the innermost planet. The discovery of these objects in a chondritic meteorite has wide-ranging implications for the collisional history of the inner Solar
System and the degree of radial mixing operant in the disk.

Chapter 7: Conclusions
Chapter 7 presents some brief concluding remarks regarding the implications and significance of the results presented in this dissertation. The connections between the various
aspects of the dissertation are explored in context of the larger astrophysical body of knowledge.
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Appendix A: Electron Diffraction Patterns
Appendix A comprises of indexed electron diffraction patterns obtained from the heideite
grain reported in Chapter 6 and tables of the d-spacings calculated therefrom.
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CHAPTER 2
Background
2.1

Preface

This Chapter encompasses a brief overview of the scientific context for the work presented
in this dissertation. A brief recounting of the currently accepted models for the Solar System’s
formation and evolution is followed by a discussion of the most relevant physio-chemical
processes that occurred during said evolution. The utility of extraterrestrial materials as
records of the conditions present throughout Solar System history is also explored. The
chapter concludes with additional background information regarding the types of samples
studied for this dissertation.

2.2

A Brief History of the Solar System

A complete recounting of the currently-accepted models for the formation and evolution
of our Solar System would far exceed the bounds of this volume—such an effort would involve parsing the innumerable physical, chemical, and biological processes that emerged and
interacted over the course of 4.567 Gyr to shape the evolving planetary system and its constituent bodies. The Sisyphean task of assembling a complete model from the advances made
in, e.g., planetary sciences, astrophysics, cosmochemistry, and astrobiology (among others),
is humbly left to future scholars. However, a functional understanding of the some aspects
6

of the Solar System’s history is required to understand the impetus for the experiments described in this dissertation and to contextualize the results thereof. To that end, this section
presents a brief overview of various stages of Solar System evolution with particular focus
directed towards the eras directly relevant to the main results detailed in later Chapters.
2.2.1

Giant Molecular Cloud Collapse to Presolar Nebula

For our purposes, the story of Solar System formation begins with the gravitational collapse of the protosolar Giant Molecular Cloud (GMC) in our Sun’s stellar nursery. Since the
vast majority of matter that went on to for our Solar System is contained within the Sun,
we are left to sort through the leftover 0.02 % of matter that went on to form the planets,
comets, and asteroids that currently orbit the Sun. After the collapse of the local molecular
cloud, the accreting protostar is surrounded by a cloud of gas and dust called the presolar
nebula. Some physical signatures from this stage of Solar System pre-history remain observable to this day—conservation of the GMC’s original angular momentum is responsible for
the fact that planets orbit the Sun in the same direction and in more-or-less the same plane.
A detailed understanding of the specific processes that triggered the collapse of our local
cloud core remains elusive. However, by examining the chemical and isotopic composition of
unaltered samples of material that formed within the collapsing cloud or just thereafter, we
continue to chip away at the problem.
The vast majority of cataloged Sun-like stars have been observed to have formed as part of
large star-forming regions of molecular clouds that also include massive stars [4–7] Because
it is exceedingly unlikely that our Sun formed in isolation, it is possible that the outer fringes
of the presolar nebula was photo-chemically processed and ‘polluted’ by isotopically-distinct
outflows from a neighboring star or distant supernova prior to or concurrent with its collapse
from the molecular cloud [8]. Of direct relevance to the work presented in this dissertation,
this GMC-era pollution has been hypothesized to be the genesis of oxygen isotopic hetero-
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geneity inherited by the presolar nebula [9–11]. A similar mechanism may be responsible
for the introduction of

26

Al and other short-lived radionuclides into the young Solar System

[12–14], although this hypothesis remains a subject of some debate [15],. Aluminum-26 is a
short-lived radioisotope (t1/2 = 0.72 Myr) that decays to

26

Mg predominantly via position

emission [see e.g., 16, 17] following the pathway in Equation (2.1) .

26

Al −→

The

26

Mg + β + + νe

(2.1)

26

Al- 26Mg isotope system is a useful chronometer for early Solar System processes. The

ratio of

26

Al to

27

Al present in the sample when it last crystallized, calculated by measuring

the amount of radiogenically-produced

26

Mg present, can be used to date samples with the

appropriate composition. However, it is important to note that this estimate relies on the
assumption that

26

Al was homogeneously distributed throughout the Solar System. Some

recent evidence suggests that this may not have been the case [18, 19].
2.2.2

Protoplanetary Disk Phase

The newly formed Sun, still accreting material from the flattened protoplanetary disk
of gas and dust inherited from the presolar nebula, eventually reached temperatures low
enough to allow the condensation of refractory material found as calcium- and aluminumrich inclusions (CAIs) in meteorites. CAIs are the oldest known Solar System solids—their
Pb-Pb ages form our most rigorously-defined age for the Solar System [20]. Consequently,
CAIs and other similar objects carry signatures (e.g., isotopic, chemical, mineralogical) of
the environments present at the earliest stages of the protoplanetary disk. Some objects that
formed early in the protoplanetary disk phase captured remnants of the presolar nebula that
managed to escape re-processing [21].
In recent years, it has become increasingly clear that planetesimals began to form very
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rapidly after CAIs. The core of Jupiter, for example, is thought to have formed as early
as 1 Myr after CAIs [22]. Hf-W ages of iron meteorites indicate that this process may have
began as soon as 0.5 Myr after CAIs [23]. It is therefore likely that the protoplanetary disk
phase was relatively short, lasting approximately 3–10 Myr [24]. The parent bodies of most
chondritic meteorites are throught to have accreted during this time, meaning that they were
likely to have incorporated a variety of phases from the early Solar System. In this sense,
meteorites can be thought of as time capsules from various regions and times within the
protoplanetary disk. This analogy is even more apt for comets, which accreted material in
the outer regions of the disk whereas meteorites formed in the inner regions. Since comets
formed beyond the snow line, or the radius beyond which it is too cold to support liquid
phases, the material accreted by their nuclei has been spared any substantial thermal or
aqueous alteration.
2.2.3

Debris Disk Phase and Later

The end of the protoplanetary disk phase of Solar System evolution is characterized by
the clearing of gas from the disk, either through efficient accretion onto the star or by
stellar-wind-induced migration to the outer regions of the disk where they were stored as
vapor-deposited volatile ices. This transition to a debris disk is generally thought to occur at
most 10 Myr after CAIs [25], after which the mass in the disk is concentrated into compact
bodies of various sizes —young planets, asteroids, and comets. In this and future stages of
Solar System evolution, the vast majority of the dust present throughout the disk is generated by colliding planetesimals, tidally-disrupted comets, and other smaller-scale phenomena.
Some of the meteorites recovered on Earth originated from more evolved rocky planetesimals that had begun the process of planetary differentiation. Although collisions occurred
less frequently in the debris disk phase, they were significantly more energetic. Evidence from
meteorites and the Moon suggest that there were two distinct periods of frequent collisions
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within the first ∼1 Gyr after CAIs, the first of which is thought to correspond to initial
planetesimal formation (20–170 Myr after CAIs) and the second of which is consistent with
a period of heavy cratering experienced by the terrestrial planets referred to as the Late
Heavy Bombardment (0.57–1.17 Gyr after CAIs) [26]. The precise mechanism responsible
for instigating the Late Heavy Bombardment after a relatively calm ∼400 Myr remains the
subject of some debate. One of the more popular models and well-supported of the models
proposed to explain the Late Heavy Bombardment (the Nice model), suggests that giant
planets formed relatively close to the Sun before migrating outwards to their present locations, consequently disturbing the material in the current inner Solar System [27, 28]. After
a chaotic first billion years, the debris disk eventually gives way to a somewhat recognizable
version of the modern Solar System. Although the modern Solar System is undeniably tame
compared to its early history, it is by no means static. The lunar surface offers visible reminders of just how harsh the space environment can be. Processes such as impacts from
(micro)meteoroids, stellar-wind irradiation, and exposure to energetic cosmic ray particles
continue to change the bodies in our Solar System.

2.3

Relevant Astrophysical Processes

Having established a basic chronological progression for the evolution of the Solar System,
this section will briefly discuss the processes most relevant to the work performed for this
dissertation. Although the discussed topics are primarily focused on events that occurred
during the protoplanetary disk stage of development, the ongoing process of space weathering
is also addressed.
2.3.1

Primary Condensation

As alluded to in the previous section, objects that form directly from a cooling gas of
solar composition (called primary condensates) such as CAIs, amoeoboid olivine aggre-
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gates (AOAs), refractory metal grains, and hibonite grains provide useful information about
the conditions present in the disk. Other objects composed of primary condensates include
amoeoboid olivine aggregates (AOAs), refractory metal grains, hibonite grains. Thermodynamic and chemical calculations have been used to determine the sequence in which mineral phases condense for given pressures and temperatures from a gas of solar composition
[29]. An accurate accounting of the elemental abundances of the presolar nebula, such as
those compiled by Lodders [30], is therefore important to more precisely determine the condensation sequence. More precise determinations of the solar elemental abundances, such
as those provided by the Genesis mission, have further reduced the uncertainties in estimates of the presolar nebula’s compositon [31]. Whether a given phase was produced via
the primary condensation process is of particular relevance to the work presented in this
dissertation—because they condensed directly from the gas, meteoritic inclusions of early
condensates that avoided subsequent alteration represent direct samples of gas present in
the early protoplanetary disk.
2.3.2

Chondrule Formation

Chondrules, the round metallic inclusions that are ubiquitous in carbonaceous chondrites,
formed via a process distinct from primary condensation. The morphology of these inclusions
belies their liquid-melt origins—chondrules canonically adopt a telltale ‘teardrop’ shape that
arises from having solidified from a liquid in a low-density gas with negligible local gravity.
A wide array of models have been proposed to explain chondrule formation, one or more
of which may ultimately be responsible for the creation of some portion of the chondrule
population. Some of the proposed mechanisms for chondrule formation, such as the ‘XWind’ model (wherein chondrules and CAIs are suggested to have formed by melted dust
that was transported to < 0.1 AU before being re-ejected to > 2 AU [e.g., 32]) and a model
by which chondrules were formed by nebular electrostatic discharges [e.g., 33], are not well-
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supported and have thus fallen out of favor [34]. It is possible that chondrules were created
by some combination of the better-supported models proposed, including creation during
collisional heating [e.g., 35], via shocks in the nebular gas due to planetary bodies [e.g., 36],
in impact plumes from colliding bodies [e.g., 37], and in shock heating events triggered by
density waves propagating through a gravitationally-unstable disk [e.g., 38]. Regardless of
the precise mechanism(s) responsible for chondrule formation, the maximum temperature
reached (1700 K) was definitionally insufficient to completely vaporize the dust in the disk
[39]. It is therefore clear that any gas-to-solid phases inconsistent with condensation from
a gas of solar composition were therefore likely created from dust vaporized via a more
energetic mechanism.
2.3.3

FU Orionis-like Outburts

During the Sun’s transition from proto-stellar object to main sequence star, gravitational
instabilities in the protoplanetary disk introduced by planetesimal formation triggered variability in the star’s mass accretion rate [40, 41]. Due to the ‘clumpy’ mass accretion, young
low-mass and T-Tauri stars exhibit occasional periods of enhanced luminosity coupled with
high-energy outbursts capable of extending beyond 1 AU. These outbursts are named after
the FU Orionis binary star system, where the phenomenon was first observed [42]. However,
recent evidence suggests that our Sun likely experienced similar, FU Orionis-like, outbursts
[see, e.g., 43–47]. Astronomical observations of a classical T Tauri star showing signs of these
outbursts offer additional support for their occurrence in the early Solar System [48]. Computational modeling suggests that these events may be relatively common among young stellar
objects with marginally-unstable protoplanetary disks [40, 49]. Importantly, the FU Orionislike outbursts are capable of vaporizing entire regions of the protoplanetary disk whereas the
chondrule-forming process is capable only of melting the dust [50]. FU Orionis-like outbursts
have additionally been proposed to instigate pebble accretion at radii ∼5 AU [45, 46].
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2.3.4

Space Weathering

Materials exposed to the vacuum of space undergo physical and chemical changes that
alter their observational characteristics. These changes are attributable to space weathering
effects, named as such to draw a parallel to terrestrial weathering processes. In contrast
to weathering on Earth, space weathering occurs only on airless bodies (i.e., planets, planetesimals, and asteroids without an appreciable atmosphere) and must therefore proceed
via distinct mechanisms. There are a number of mechanisms that contribute to the physiochemical changes associated with space weathering; principally (micro)meteoroid impacts,
electromagnetic radiation, and charged-particle interactions [51–53]. Given the vast compositional and environmental diversity among airless bodies, the effects of space weathering
may present differently for different objects.
The phenomenon of space weathering was first proposed based on observations of our
nearest airless body, the Moon. Prior to the Apollo missions, there was much debate about
the nature of the lunar surface and its evolution. It was clear, however, that the lunar surface
was subjected to numerous violent collisions that exposed material of varying age [54]. After
samples of the lunar regolith were returned in 1969, laboratory experiments determined
that the optical properties of exposed lunar soil grains were different than their unexposed
counterparts, producing visible and near-infrared spectra which were darkened and reddened
[55]. In the intervening years, experimental studies of lunar regolith and terrestrial analogues
have refined this original observation to the three hallmarks of space weathering on the lunar
surface: 1) spectral slope reddening, 2) darkening of the spectral continua, and 3) reduced
spectral contrast for diagnostic absorption peaks.
The Moon is subject to frequent micrometeoroid impacts and bombardment by energetic
solar wind ions. The compositional and structural changes induced by these processes on
the Moon and other airless bodies are collectively referred to as space weathering [51, 52].
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In aggregate, these changes to the morphology, chemical composition, and crystal structure
of individual regolith grains alter the optical properties of the bulk soil — relative to freshly
exposed lunar regolith, reflectance spectra of space exposed soils have reddened, darkened
continua, and weaker diagnostic absorption peaks in the visible to infrared (IR) wavelengths.
These effects have also been observed in studies of S-type asteroidal surface soils [56, 57] and
simulated space weathering experiments [58–60].
The effects of space weathering occur on a spatial scale comparable to the wavelength
of visible light, presenting a unique challenge to our understanding of how various weathering processes evolve and interact to produce optical changes. The physical changes induced
by space weathering, including the production of nano-phase iron particles and damage to
the soil’s crystal structure (i.e., amorphization), have been found to occur predominantly
within 100–200 nm of the grain surface [52, 61–63]. Hence, electron microscopy techniques
are well-suited to characterize microstructural and micro-compositional changes. For instance, transmission electron microscopy (TEM) of weathered lunar soils has demonstrated
that many of the optical changes seen in weathered soil are associated with the presence
of nano-phase iron (npFe0 ) particles in amorphous rims coating mineral grains [62, 64–66],
and micro-phase iron that occurs in agglutinates [67]. In particular, npFe0 grains smaller
than 40 nm in diameter cause spectral reddening and darkening, while larger iron particles
cause only darkening [68, 69]. Although the physical and chemical changes caused by space
weathering can be detected via TEM, the localized optical effects of these changes cannot be directly interrogated using diffraction-limited spectroscopic techniques. Traditional
diffraction-limited spectroscopic techniques cannot spatially resolve features much smaller
than the wavelength of light used—most npFe0 is <40 nm in diameter. Until recently, computational modeling was required to determine the cumulative effects of space weathering
on the optical properties of lunar soil [51, 69–71].
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2.4

Extraterrestrial Material as a Tool to Study Solar
System Processes and Evolution

With the advance of analytical techniques and increasing frequency of unmanned missions
to nearby Solar System bodies, we now have access to extraterrestrial material from a variety
of sources. The landmark NASA Apollo missions and Soviet space program Luna missions
returned the first samples directly from the surface of another body, kickstarting a wave
of sample-return missions. In the intervening years, various space agencies have conducted
successful missions to return samples from to near-Earth asteroids (e.g., the JAXA Hayabusa
and Hayabusa2 missions to asteroids 25143 Itokawa and 162173 Ryugu, respectively), the
coma of an active comet (the NASA Stardust mission to comet 81P/Wild 2), and the solar
wind (the NASA Genesis mission to the first Earth-Sun Lagrange point). While such sample
return missions are of incredible scientific value and should certainly be continued, the total
combined mass of returned samples is overshadowed by the vast catalog of meteoritic samples.
We additionally have access to a small fraction of the estimated 104 tons of interplanetary
dust particles (IDPs) that enter Earth’s atmosphere every year [72], some of which has
been specifically collected to target active meteor showers. Although all of the meteorites
recovered to date originate from asteroids, Mars, or the Moon, some of the IDPs collected
in the stratosphere are of cometary origin.
2.4.1

Meteorites

Meteorites represent, in some sense, the most familiar class of extraterrestrial material to
many people. They also are the most adundant category by mass of extraterrestrial material
in our collections. The rigorous scientific study of meteorites dates back to at least 1803
C.E., when J. Biot published an admittedly concise [73] report of the L’Aigle meteorite fall
(later determined to be an L6 chondrite), after which the hypothesized existence of rocks
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with extraterrestrial origins proposed by Chladni in 1794 [74, 75] based on observations of
large masses of iron reported by Pallas in 1778 [76]. Even still, evidence for humanity’s
fascination with meteorites can be found throughout recorded history and likely predates it.
Over the long history of meteorite collection and study, a rigorous taxonomy and vocabulary
has developed. Historically, meteorites were first divided by whether they appeared ‘stony’
or were made of iron. Under the modern classification schema, these two categories have
expanded into four: 1) chondrites (∼85 % of recovered meteorites) , 2) achondrites (∼8 %),
3) iron meteorites (∼5 %), and 4) stony-iron meteorites (∼1 %). There exists finer taxonomic
distinctions within each broad category, though only the chondritic and achondritic classes
of meteorites are strictly relevant to the work presented in this dissertation. For the sake of
brevity, this discussion will focus primarily on the characteristics of those two categories and
forgo a detailed summary of the iron and stony-iron meteorites.
Chondrites, which sample the generation of parent-bodies formed during the first few
Myr after CAIs, are divided into five classes (the two most frequently-recovered of which are
further divided into subtypes) as outlined in Table 2.3. As mentioned in Subsection 2.2.2,
the parent bodies for these meteorites is isotopically and geochemically distinct from the
parent bodies of non-chondritic meteorites. Chondritic meteorites are classified by their bulk
chemical compositions, oxygen isotopic compositions, mineralogical textures, and the relative
proportions of various chondritic phases (e.g., CAIs, chondrules, matrix) [77–79]. Because
new classes of meteorites require at least five unrelated falls that are similar by these measures, there exists a number of meteorites that do not fall neatly into any existing category.
The Tagish Lake meteorite, for example, is often categorized as its own class of carbonaceous chondrites. However, such meteorites will remain officially ‘ungrouped’ until and unless
additional sufficiently-similar meteorites are recovered.
Enstatite chondrites (ECs), named for the high abundance of the mineral enstatite (MgSiO3 )
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Table 2.1: Classification schema of chondritic meteorites
Type

Sub-Types

Enstatite Chondrite (ECs)
EH, EL
Ordinary Chondrites (OCs)
H, L, LL
Carbonaceous Chondrites (CCs) CI, CMa , CV, CRa , COa , CK, CB, CHa , CLb
Kakangari Chondrites*
—
Rumuruti Chondrites
—
a

Meteorite types studied for this dissertation. For additional details, see Chapter 3.
A new class of carbonaceous chondrites as of 2021 [80].
* The K-type chondrites are poorly defined owing to the paucity of recovered samples. Only four K
chondrites (totaling just over 460 g) have been recovered.
b

that distinguishes them from other chondritic meteorites, are further sub-divided by their
iron content to form the high-iron (EH) and low-iron (EL) subgroups. Meteorites in the
EC class are highly reduced, rarely contain refractory inclusions, and have oxygen isotopic
compositions that fall between the ordinary and carbonaceous chondrites when plotted on a
three-isotope plot.
Named for their prevalence among the recovered meteorite catalog, ordinary chondrites
(OCs) contain a high abundance of (almost exclusively Al-poor) chondrules [81] and almost
no early nebular condensates like CAIs or AOAs. Like the EC group, ordinary chondrites
comprise three sub-types defined by their metal contents: those with high iron abundances
(H), those with low iron abundances (L), and those with low abundances of both iron and
all other metals (LL). The geophysical and isotopic evidence from OCs strongly suggests
that all three sub-types originated from three asteroid parent bodies that formed in similar
locations in the disk at roughly the same time [82].
Unlike the somewhat self-explanatory names for the enstatite and ordinary chondrite
groups, the carbonaceous chondrites (CCs) do not universally contain more carbonaceous
material than other classes. The naming convention for carbonaceous sub-types represents
a further departure from the convention followed by the ECs and OCs. Rather than sub17

dividing the classes by their iron or metal content, the carbonaceous chondrites are organized
into categories named for their archetypal meteorite (except for the CH chondrites, which are
named for their high metal content). To this end, non-CH carbonaceous chondrites are classified as Ivuna-like (CI), Mighei-like (CM), Orans-like (CO), Renazzo-like (CR), Karoonda-like
(CK), Vigarano-like (CV), Loogana-like (CL, [80]), or Bencubbin-like (CB). The bulk chemical composition of CI chondrites is largely similar to the Solar photosphere (although this
has been a subject of recent debate [see e.g., 83–85]). Consequently, other carbonaceous meteorites are generally described by their elemental abundances relative to the CI composition.
Different classes of carbonaceous chondrites contain differing amounts of chondrules (ranging
from none, as in CIs, to ≳70 % by volume, as in CHs) of varying sizes, show distinct patterns
of chemical depletions, and experienced varying degrees of aqueous/thermal alteration.
Achondritic meteorites are far less common than their chondritic counterparts, but are important to understand planetesimal formation and fragmentation throughout Solar System
history. Whereas chondritic meteorites are derived from small asteroidal bodies or planetesimals that did not undergo differentiation, achondites sample planetary bodies that had begun
the process of creating clearly-defined core. Similar to chondritic meteorites, achondrites are
classified by the characteristics of their parent bodies (see Table 2.2). Lunar meteorites form
their own group. Martian meteorites are divided into Shergottites, Nakhalites, Chassignites.
The earliest phases of planetary differentiation are captured by meteorites from the primitive achondrite group, so named because they were not completely melted despite secondary
thermal processing. Silicate-bearing iron meteorites additionally originate from partiallydifferentiated parent bodies [see e.g., 86, 87]. Meteorites from the evolved achondrite group
are derived from planetesimals with chemical compositions that had been altered (or evolved)
from the chondritic composition by thorough differentiation.
In addition to classifications by type, meteorites are classified by the amount of aque-
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Table 2.2: Classification schema for achondritic meteorites.
Type

Sub-Types

Primitive Achondrites*
Evolved Achondrites
Lunar Meteorites
Martian Meteorites

Acapulcoites, Brachinites, Winonaites, Lodranites, Ureilites
Angrites, Aubritesa , HEDs (Howardites, Eucrites, and Diogenites)
—
Shergottites, Nakhalites, Chassignites

* The

primitive achondrite group is often defined to include iron meteorites from the IAB and IIICD
groups due to the presence of inclusions of primitive achondritic material [88].
a Enstatite grains from a crushed sample of the Norton County aubrite were used as oxygen isotope
standards for the work presented in Chapter 5.

ous/thermal alteration they experienced (petrologic type) and by the degree of shock alteration they display (shock stage). Petrologic type is represented by a number between one
and six, where petrologic types 1 and 2 represent varying degrees of aqeous alteration and
petrologic types 3–6 represent the increasing degrees of thermal alteration. Meteorites with
petrologic type 3.0 are generally the least altered samples and are therefore more likely to
contain volatile phases from the early Solar System. The stages of shock classification are
also numbered from one to six, where each larger number corresponds to a greater degree of
shock alteration experienced by the meteorite.
2.4.2

Interplanetary Dust Particles (IDPs)

After cometary dust separates from its parent body, Poynting-Robertson drag alters its
orbit such that a significant portion of these particles eventually cross the Earth’s orbit [89].
Compared to other meteoritic objects, IDPs are small (1–500 µm in diameter) and have low
densities (0.1–3.0 g cm−3 ), allowing even the most fragile particles to survive atmospheric entry [90, 91]. Even though larger objects such as meteors are substantially heated during their
trip though the atmosphere, highly-porous cluster IDPs exhibit far less evidence of having
experienced severe alteration. More compact IDPs and IDPs with higher entry velocities,
however, do often contain evidence of thermal alteration such as thin iron oxide fusion crusts
[92]. With a stratospheric residence time of about two weeks [93], the average number density
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of IDPs in the stratosphere is sufficiently high to warrant their collection. Although variety of methods have been used or proposed to collect interplanetary dust grains, the most
reliable method currently available involves collecting the grains via inertial impact onto
silicone-oil coated collectors affixed to re-purposed intelligence-gathering aircraft capable of
stratospheric flight [91].

Figure 2.1: Optical micrograph of likely-cometary U2-20 GCP.
Giant cluster particles (e.g., U2-20 GCP, a large GC-IDP of likely cometary origins;
see Figure 2.1) are primitive, unequilibrated, and highly porous aggregates of fine-grained
anhydrous IDPs. By considering the pressures that an IDP experienced during atmospheric
entry and those experienced upon impact with the collector flag, we can estimate that U220 GCP’s crushing strength lies between 0.04 kPa and 20 kPa [94]. Even the most fragile
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meteorites have crushing strengths ≳300 kPa [95], while the crushing strength of cometary
meteors has been estimated to be around 1 kPa [96, 97]. Moreover, both GC-IDPs [98] and
cometary meteors [96] are highly porous fine-grained aggregates with low densities, indicating
that GC-IDPs are likely samples of cometary parent bodies. To this end, GC-IDPs were likely
unaffected by thermal or aqueous alteration and are presumably the most pristine samples
of Solar System dust currently available [99]. Moreover, the unequilibrated nature of GCPs
allows for studies on the scale of individual grains rather than particles or matrix.
The data obtained by studying the pristine cometary material found in some IDPs can
serve to complement meteoritic data and advance our understanding of the formation and
evolution of our Solar System. With the right materials, we can place constraints on the
composition of the primordial gas and dust that formed the celestial bodies, the mechanisms
by which those bodies formed, and the dynamics that led to the present day. Astronomical
observations have undoubtedly contributed a great deal to our understanding of other planetary systems, but the Solar System is the system within the galaxy about which we have
the most data.
2.4.3

Returned Samples of Planetary, Asteroidal, or Cometary Bodies

While the per-gram cost of extraterrestrial samples returned by missions (manned or
un-manned) launched by national space agencies is astronomical—approximately $325, 000per-gram for the Apollo program (in 2022 dollars)—the scientific information that can be
obtained by studying such material is invaluable. The unambiguous heritage offered by returned samples can be leveraged to draw firm relationships between the planetary body
in question and our prior catalog of naturally-delivered samples (i.e., meteorites and IDPs).
Given the recent resurgence of interest in (particularly manned) space exploration from both
the scientific community and the larger public, there is reason to be optimistic about the
possibility for returned samples from a variety of planetary (e.g., Mars), asteroidal (e.g.,
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162173 Ryugu), and cometary (e.g., Comet 67P/Churyumov-Gerasimenko) bodies in the
relatively near future.

Returned Planetary Samples
Material that can be definitively linked to an extant planetary body other than Earth
is incredibly difficult to come by—it has only become possible in the last sixty years. Although some classes of meteorites, namely the SNC meteorites (shergotites, nakhlites, and
chassignites) and lunar meteorites, have been recognized as having originated from Mars
and the Moon, respectively, these classifications were only made possible by missions to the
respective parent bodies. Thanks to the Apollo, Luna, and Chang’e 5 missions, we have returned hundreds of killograms of lunar material from various locations on the Moon. In this
dissertation, soils from the Apollo 11 and Apollo 17 missions were studied to examine the
effects of space weathering on their mid-infrared spectrum as a function of distance from the
space-exposed surface. Although there have a been a number of unmanned missions to Mars,
they have been limited to onboard analytical instruments. This problem will be remedied
in the near future via planned NASA/ESA missions to return Martian samples, however.
The current Perseverance missions involve the preparation of a number of core samples to
ostensibly be collected and returned by a proposed future mission. Analysis of returned planetary samples and data from unmanned missions can yield insight into planetary processes
such as volcanism, differentiation, and brecciation as well as inform our understanding of the
geochemical environments on other planets.

Returned Cometary and Asteroidal Samples
Comets have captured the human imagination since the dawn of recorded history, but
their irregular orbits and distant origins stymied scientific study for centuries. To some
extent, comets remain the least well-understood Solar System objects. Spacecraft-returned
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cometary samples and remote sensing data has significantly our ability to study these distant
objects. Prior to the return of NASA’s Stardust mission to Comet 81P/Wild 2, comets were
assumed to be ancient bodies composed of the very building blocks of the Solar System: the
“stardust” for which the mission was named [see, e.g., 100–102]. The discovery of igneous
material in samples from comet Wild 2 that formed at least a few million years after the
birth of the Solar System has forced the scientific community to re-address our understanding
of the variety of material captured by accreting cometary nuclei [103–112]. While it is now
clear that outward transport of inner nebula material to beyond the snow line was critical to
comet formation, the precise chronology and mechanisms of this transport remain unknown.
Since Stardust, other missions to comets including two ESA missions to Comet
67P/Churyumov-Gerasimenko (Rosetta and Philae) have generated incredibly useful data,
but did not ultimately return samples to Earth. While some future sample-return missions to
comets have been proposed, such as CAESAR, a proposed NASA mission to comet Comet
67P/Churyumov-Gerasimenko, it is unlikely that our catalog of unambiguously-cometary
material will expand greatly in the next few years. With that said, there are scientifically
interesting missions that are on the horizon but even further from fruition, such as a possible
JAXA mission to 3200 Phaetheon, a debatably extinct cometary body [cf., 113, 114].
The JAXA Hayabusa and Hayabusa2 missions to asteroids 25143 Itokawa and 162173
Ryugu, respectively, are among the first in a potential golden age for asteroidal sample return
missions [115, 116]. NASA’s equivalent OSIRIS-REx mission to asteroid 101955 Bennu, slated
to complete its return journey in 2023, will only add to our understanding of asteroidal parent
body processes and the primordial planetesimal populations that they orignated from.
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2.5

Types of Studied Extraterrestrial Samples

Having discussed the relevant Solar System processes and the broad categories of extraterrestrial materials available for study, this Section provides and overview of the specific types
of samples studied for this dissertation.
2.5.1

Filamentary Enstatite

In agreement with theoretical predictions [117], filamentary crystals (i.e., whiskers, ribbons, or platelets) of low-Fe clinoenstatite (MgSiO3 ) grown via gas-to-solid condensation are
commonly found in chondritic porous IDPs [118] and GCPs [94]. Filamentary enstatite in
GCPs is elongated along the [100] crystallographic axis with aspect ratios ≳10:1 and contains screw dislocations indicative of vapor-phase growth [118]. Enstatite grains with similar
morphologies have been reported in comet Wild 2 and in a handful of petrographic type
2/3 chondritic meteorites (see Table 2.3). Few of the possible filamentary enstatite grains reported in meteorites have been characterized thoroughly enough to determine whether they
formed directly from the gas. Regardless, numerous lines of evidence suggest that filamentary
enstatite may have been present throughout the Solar System at some time.
Table 2.3: Potential examples of filamentary enstatite reported beyond IDPs.

2.5.2

Sample

Classification

Paris [119]
QUE 99177 [120–122]
Acfer 094 [123]
Bishunpur [124]
81P/Wild 2 [125]

CM2
CR2
C2-ung
LL3.15
JFC

Exogenous Clasts in Carbonaceous Chondrites

The bulk isotopic compositions of meteorites have been observed to consistently fall into
one of two non-overlapping groups in plots of one isotope system against another [126]:
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1) carbonaceous-like (CC) and 2) non-carbonaceous (NC). From these isotopic data, it has
been inferred that Jupiter’s newly-forming core opened a gap in the protoplanetary disk that
physically separated the two reservoirs for sufficiently large grains (≳300 µm [e.g., 127, 128].
Astronomical observations of protoplanetary disks at various stages of evolution suggest
that this ‘Jupiter gap’ is unlikely to be unique to our Solar System [129]. A number of
disks have been observed to contain multiple gaps cleared by forming planets [130]. With
improvements to space-based observational platforms over the coming decades, it may be
possible to capture direct evidence of planetary formation within these gaps. To understand
the dynamics of historical gaps in our own protoplanetary disk, we must look instead to the
meteoritic record.
While clasts of CC material are commonly found in (NC-group) differentiated meteorites
such as aubrites [131] and howardites [132], the inverse scenario (finding differentiated or
reduced clasts in a carbonaceous chondrite) occurs far more rarely. Although they appear to
be rare, the mere presence of differentiated clasts in carbonaceous chondrites implies that
some degree of radial mixing occurred such that inner and outer Solar System were not fully
separated.
2.5.3

Mature Lunar Soil Grains

Due to the effects of space weathering described previously in this chapter, lunar soils and
rocks that have been exposed to space are mineralogically and spectroscoptically distinct
from the unexposed regolith below the surface. The fine-grained soil component of the lunar
regolith is occasionally disturbed by meteoroid impacts, causing a ‘gardening’ effect that
works to occasionally bring fresh material to the surface. The relative maturity of lunar
samples is canonically quantified by ferromagnetic resonance (FMR) [133]. The maturity or
surface exposure index for a given lunar sample is defined as the intensity of the characteristic
ferromagnetic resonance normalized to the sample’s FeO content as shown in Equation (2.2).
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FMR Surface Exposure Index =

Is
FeO

(2.2)

Samples with higher maturity indices have been exposed to space for longer than those
with low maturity indices. This index generally correlates with the abundance of nanophase
iron particles, a characteristic features of space weathering. It is important to note that the
maturity of lunar soils is a bulk measure—even mature soils are likely to contain grains
of various exposure ages. Rather the maturity index should be interpreted as the average
exposure age of the sample. Given the dependence on FeO content, the maturity index may
not be strictly relevant to Fe-poor phases with long exposure times as indicated by solar
wind ion track density observed via TEM.
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CHAPTER 3
Materials and Methods
3.1

Preface

This Chapter contains summaries of the various sample preparation and analytical techniques used throughout this dissertation. To this end, the chapter concerns the experimental
details for scanning/transmission electron microscopy (SEM/TEM), synchrotron infrared
nanospectroscopy (SINS), electron probe microanalysis (EMPA), nanoscale secondary ion
mass spectrometry (NanoSIMS), and Raman spectroscopy. The sample preparation techniques used for each of these analyses are also discussed, with particular emphasis placed
on the focused ion beam (FIB) techniques that were employed and developed for the work
presented in this dissertation. More specific details about the procedures used for each part
of this work can be found in the relevant Chapters (i.e., Chapters 4, 5, and 6).

3.2

Sample Preparation

The majority of samples examined in this dissertation were at some point prepared using
an FEI Quanta3D Dual-Beam Focused Ion Beam (FIB) instrument, which incorporates
electron and ion beams offset from one another by . This instrument combines the rapid
imaging and versatile sample-mounting features typical to scanning electron microscopes
(SEMs) with ion-beam-enabled additive (platinum deposition) and subtractive (ion milling)
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processes. The FIB is equipped with a computer-controlled Omniprobe micromanipulator
and a gas-injection system (GIS) for platinum deposition. These capabilities make the FIB
a versatile instrument for sample preparation.
3.2.1

Focused Ion Beam Techniques for Transmission Electron Microscopy

The most common usage of the FIB is to prepare electron-transparent thin sections for
analysis in a transmission electron microscope (TEM). There are many different methods to
prepare such samples, each of which has specific applications. The typical sample preparation
procedure for TEM analysis is as follows:
1. Deposit 250 nm–1 µm of platinum atop the region of interest using the electron beam
(most commonly in a 1.5 µm × 10 µm rectangle)
2. Tilt the stage to and deposit another 1–2 µm of platinum on top of the rectangle
created previously, this time using the ion beam
3. Perform bulk cutout (stairstep pattern) using a high-current Ga+ ion beam
4. Perform cleaning cross-section pattern with a lower-current Ga+ beam (generally two
apertures smaller than that used for the bulk cutout)
5. Tilt the stage to and perform “U-cut” to all but free the liftout
6. Insert the Omniprobe micromanipulator and navigate the tungsten needle to the top
corner of the liftout (on the side still attached to the substrate), barely making contact
7. Deposit a small rectangle of platinum to weld the liftout to the micromanipulator
needle
8. Use the i-beam to cut the liftout free, avoiding the weld (to check that the liftout is
completely free, tap the instrument and observe whether the liftout and needle vibrate
together)
9. Carefully move the micromanipulator to lift the sample safely above the substrate
surface
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10. Retract the micromanipulator needle to avoid accidentally bumping the sample during
stage movement; tilt the stage to
11. Navigate to an Omniprobe half-grid and ensure that it is at the eucentric height
12. Re-insert the micromanipulator needle and carefully position the sample such that it
is barely touching the Omniprobe grid post
13. Using a low-current ion beam, deposit a rectangular platinum weld to attach the sample
to the grid post
14. Carefully cut the sample free from the micromanipulator needle with the ion beam;
retract the needle once it is no longer attached
15. Tilt to and perform a 0.5 µm × 8 µm cleaning cross-section positioned such that it ends
at the top edge of the sample
16. Tilt to and repeat the cleaning cross-section on the other side of the sample
17. Perform additional, thinner (100–250 nm) cleaning cross-sections at tilts of and ; repeat
until desired thickness is achieved
18. After the sample is sufficiently thin to allow for electron transparency, tilt to and
perform a low-voltage, low-current (e.g., 5 kV, 50 pA) cleaning cross-section to polish
away any remaining Ga+ beam-induced surface damage
Various key steps of this process are shown in Figure 3.1. The resulting sample should
resemble a thin wedge with the thinnest portion at the top, near the protective platinum
strap. Using this technique improves the chances that some portion of the sample will be
electron transparent while decreasing the odds that the sample will become so thin as to lose
structural integrity or curl up on itself.
3.2.2

Focused Ion Beam Techniques for Synchrotron Infrared Nanospectroscopy

Since SINS utilizes an AFM tip as an antenna through which the evanescent electric
field is coupled, special considerations must be taken when preparing samples for these
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Figure 3.1: (A) Secondary electron (SE) image (5 kV, 4.0 pA) of platinum strap deposited
first by the electron beam followed by additional platinum deposited via ion beam. (B)
SE image of the bulk-cutout step of the sample preparation process. (C) SE image of the
first (in situ) cleaning cross-section step, showing a sample thinned to extractable thickness.
(D) Ion-beam-generated SE image (16 kV, 10 pA) of liftout step after the U-cut has been
completed and the sample welded to the tungsten micromanipulator needle. After this step,
the cutout is attached to an Omniprobe grid and thinned to electron transparency.
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analyses. In particular, care must be taken to ensure that the sample lies as close to flat
against the substrate as possible to avoid damaging the AFM tip while navigating to the
sample. An ultra-flat silicon chip is chosen to serve as the substrate because it is both AFMcompatible and offers a convenient location to collect background spectra. The procedure
for FIB-aided preparation of SINS samples started by following steps 1–14 of the FIB-TEM
sample preparation procedure outlined in Section 3.2.1. After the sample has been attached
to the grid post, the following steps are performed to complete the preparation:
1. Tilt the stage to and perform cleaning cross-sections with the ion beam on both sides
to thin the sample to 500–750 nm thick (take note of the final sample dimensions)
2. Once the desired thickness is reached, tilt the stage to and remove the Omniprobe
grid from the FIB chamber and grid holder
3. Using a custom-designed grid holder or a strip of carbon tape placed on the edge of an
SEM stub, carefully mount the Omniprobe grid horizontally (i.e., parallel to the stage
surface) such that the posts hang over the edge of the stub
4. Place the stub in the FIB and navigate the sample to the eucentric height
5. Insert the micromanipulator needle and move it to within a few nanometers of the
liftout
6. Bring the needle barely into contact with the top of the platinum strap on the far side
from the post
7. Using the ion beam, deposit a small rectangle of platinum to weld the sample to the
needle, taking care to avoid unnecessary exposure of the sample to the ion beam
8. Once it is securely welded to the needle, use the ion beam to cut through the weld
attaching the sample to the grid post; carefully retract the micromanipulator after the
sample is free
9. Position a suitable place on the ultra-flat silicon chip such that it is at the eucentric
height; tilt the stage to
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10. Using the ion beam, mill a pattern matching the sample dimensions into the surface
of the chip such that the sample surface will be close to flush with the substrate
11. Re-insert the micromanipulator needle and carefully place the sample such that it is
barely in contact with the bottom of the milled slot
12. Deposit two or three thin strips of platinum at the edges of the sample to weld it in
place, taking care to avoid unnecessary ion-beam exposure or platinum deposition on
the areas of interest
13. Use the ion beam to cut through the weld holding the sample to the needle, using the
smallest possible milling pattern
The end results of this process is shown in Figure 3.2. With the polishing performed at
the same angle on both sides, the final product will retain uniform thickness—this is critical
to allow the sample to lie flat and reduce the impact of volume scattering changes across
regions of the sample with different thicknesses. The sample can remain slightly thicker since
it does not need to be electron transparent. While this is not strictly necessary, thinning the
sample to a thickness of 500–750 nm has the additional benefit of avoiding problems of
poor structural integrity occasionally observed for thinner liftouts. Given the high number
of transfers involved with this preparation methodology, there is an enhanced probability
that the sample will be lost at some point during the process. Although the risks can be
minimized through practice and strict adherence to mitigation protocols (e.g., ensuring that
the sample is welded to at least one surface at all times), it is important to note that there
is a non-zero chance of sample loss. For a well-practiced technician, the success rate for this
sample preparation procedure can be as high as 90 %. Novice- or intermediate-level operators
should realistically expect a success rate closer to 65–80 %, however.
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Figure 3.2: The experimental sample, centered, is easily identified under atomic force microscope imaging and is within the stage limits for easy naviation during SINS measurements
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3.2.3

Focused Ion Beam Techniques for Nanoscale Secondary Ion Mass Spectrometry

The FIB was also used to prepare filamentary enstatite samples for NanoSIMS isotopic
analysis, albeit in a non-traditional way. Given the physical characteristics of the filamentary enstatite crystals (i.e., discrete crystals not embedded in a matrix), little-to-no ion
milling is required—the equipped Omniprobe micromanipulator is the primary motivation
behind using the FIB for this application. Whether the filamentary enstatite grains were
from meteoritic material or IDPs, the process remained the same. First, candidate grains
were identified in secondary electron or back-scattered electron images collected with a Tescan Mira3 field-emission scanning electron microscope. The grains’ locations were marked on
a wide-field image or stitched mosaic to facilitate navigation. Next, the identified candidates
were loaded into the FIB and located with secondary electron imaging. After the sample has
been positioned at the eucentric height, the tungsten micromanipulator needle is inserted
and brought near the candidate. Due to the typically small size of the samples prepared by
this method, no platinum weld is required to attach the sample to the needle. Instead, the
micromanipulator is simply brought into contact with the grain of interest; the electrostatic
adhesion forces are of sufficient magnitude to allow the sample to be lifted from one mount
and placed on another (see Figure 3.3). To this end, it is essential to avoid transmitting any
extraneous vibrations to the micromanipulator needle once the sample has been lifted, lest
the electrostatic forces are overcome such that the sample is ejected from the tip.
This sacrifice of security comes with critical benefits for NanoSIMS analyses: this process
drastically limits (or entirely precludes) the need to expose the sample to the potentially
defect-inducing Ga+ ion beam and allows for the preservation of the entire sample. Although
eliminating the need to deposit and cut through a platinum weld increases the chances of
sample loss during the transfer, any successfully mounted grains will retain their original size
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Figure 3.3: (A) Ion-beam secondary electron image (16 kV, 10 pA) of filamentary enstatite
candidate being extracted using the electrostatic-only manipulation method described in
Subsection 3.2.3. (B) Secondary electron image (5 kV, 4.0 pA) of the same whisker, deposited
onto a sputter-cleaned gold mount suitable for use in NanoSIMS applications. Note that the
sample was deposited on top of a small local ridge in the mount surface. These irregularities
were particularly helpful when lightly dragging the sample to remove it from the tungsten
micromanipulator needle.
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and be free of Ga or Pt contamination. Because the precision of NanoSIMS measurements is
limited (at the low end of the spectrum) by the amount of material contained in the sample,
it is critical for these small filamentary samples that as much material remains as is possible.
There are, of course, practical limitations imposed by this weld-free method of sample
preparation. Primary among these are the limits on sample sizes for which the electrostatic
adhesion is sufficient to lift the grain of interest. With a narrow-tipped tungsten micromanipulator probe (tip radius ≲500 nm), only samples ≲1 ng can be reliably picked up via
electrostatic adhesion alone. However, the vast majority of filamentary enstatite grains have
masses well below this threshold.

Figure 3.4: (A) Secondary electron image (5 kV, 4.0 pA) of filamentary enstatite candidate
from a disaggregated meteorite selected for further study after being extracted using the
electrostatic-only manipulation method described in Subsection 3.2.3. (B) Secondary electron image (5 kV, 4.0 pA) of the same candidate being extracted from the disaggregated
sample. It is nearly impossible to extract a candidate without also bringing along some of
the small adhering grains.

The geometry of the sample and mounting method may addtionally present challenges
to extraction. Disaggregated meteoritic samples, which tend to be of greater density than
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cometary IDP clusters and contain remnants of matrix material, were generally found to
present greater challenges to extraction (see e.g., Figure 3.4. In some cases, careful pushing
or dragging of the candidate with the micromanipulator is required to free the grain. It is
imperitive to avoid putting excessive pressure on the sample. Under these conditions, sudden
movements or unintended placement may cause the sample to fly off of substrate. Similar
difficulties may arise when depositing the sample onto the new substrate, particularly if it is
not well grounded. For our NanoSIMS analyses, samples were mounted on a hand-polsihed
gold ion mount with small grooves or imperfections in the 250–500 nm range that allowed
samples to be deposited with a light scraping if contact alone was insufficient.
For the oxygen isotope measurements discussed in Chapter 5, three grains from an appropriate oxygen isotope mineral standard were placed within a 10 µm radius of each unknown
sample to allow for simultaneous measurement in a single ion raster image.
3.2.4

Freeze-Thaw Disaggregation

A Peltier-based freeze-thaw system was used to disaggregate small samples of primitive
meteorites [134]. Roughly 0.15 g chip samples of three Antarctic meteorites (ALH 77307,
DOM 08006, MIL 07346—all CO3.0 chondrites), a 0.15 g scoop of the Tagish Lake ungrouped
C2 meteorites, and similarly-sized samples of Murchison, Gijba, Bells, and Acfer 094 that
were not weighed were placed in canisters drilled into an aluminum block and covered with
deionized water. The canister block was sandwiched between two Peltier surfaces that cycled
between freezing and heating cycles to gently disaggregate the sample. Discrete crystals and
matrix become sufficiently separated after a few hundred cycles.

3.3

Scanning Electron Microscopy (SEM)

The speed and ready availability of scanning electron microscopes, including the Tescan
Mira3 in the Washington University Laboratory for Space Sciences, makes secondary electron
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Table 3.1: Meteorite samples that were disaggregated and searched for evidence of filamentary
enstatite for the work presented in this dissertation.
Meteorite

Group

Acfer 094
C2 (Ungrouped)
Alan Hills 77307,161
CO3.0
Bells
C2 (Ungrouped)
Dominion Range 08006,90 CO3.0
Gujba
CBa
Miller Range 07346,12
CO3.0
Murchison
CM2
Tagish Lake
C2 (Ungrouped)*
* Tagish

Mass
—
0.15 g
—
0.15 g
—
0.15 g
—
0.15 g

Lake is occasionally considered as its own class of meteorite [see e.g., 135].

and back-scattered electron imaging a good choice for the first level of sample analysis. In
most cases, SEM imaging was the first analytical step due to its high-throughput nature and
ability to accommodate a multitude of sample mountings. The SEM used for this work was
additionally equipped with an EDAX energy-dispersive x-ray spectrometer (SEM-EDXS),
allowing for qualitative determination of a sample’s major element composition. The SEMEDXS data were either processed using the EDAX Team software program or exported for
analysis via custom Matlab scripts.
Disaggregated meteoritic samples (see Table 5.2) were imaged in secondary electrons using a script that automatically collects and stitches a mosaic of high resolution images [136].
The resultant images were manually searched for crystalline phases with morphological similarities to filamentary enstatite. In particular, features such as an aspect ratio (i.e., the
ratio of the length along the elongated dimension to the length along the narrowest dimension) of 10:1 or greater. Candidate grains were additionally screened for features inconsistent
with vapor-phase growth (e.g., signs that it had been created by a fracture or secondary
alteration).
For the work presented in Chapter 6, back-scattered electron (BSE) images and x-ray maps
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over an entire 1-inch epoxy-round-mounted Acfer 182 thin section using software developed
by Prof. Ogliore [137]. The BSE and X-ray maps were both acquired at 15 kV accelerating
voltage. These maps, along with an increasing number of others, are available for viewing at
full-resolution online: https://presolar.physics.wustl.edu/maps.

3.4

Synchrotron Infrared Nanospectroscopy (SINS)

Near-field infrared spectroscopy was performed using the synchrotron infrared nanospectroscopy (SINS) instrument on Beamline 5.4 of the Advanced Light Source at Lawrence
Berkeley National Lab [138]. This technique can be thought of as a combination of Fouriertransform infrared spectroscopy (FTIR), scattering-type scanning optical microscopic (sSNOM) techniques, and atomic force microscopy (AFM). Synchrotron IR light is coupled
into an asymmetric Michelson interferometer consisting of a beam-splitter (KBr), a moving
mirror (Nicolet 6700 FTIR spectrometer), and an AFM (Bruker Innova). Light is focused
onto an oscillating AFM tip in one arm of the interferometer. The light scattered by the
tip is combined with light reflecting off the moving mirror in the interferometer’s second
arm. The resulting interference signal is detected on a mercury cadmium telluride (HgCdTe)
detector. With this experimental setup, the spatial resolution is determined by the radius of
curvature of the AFM tip used (25 nm in this case) and is independent of the wavelength of
the incident light.
The data presented in Chapter 4 were collected over a broad range of mid-infrared
wavenumbers, 5000–700 cm−1 (2.0–14.3 µm), with a spectral resolution of 8 cm−1 . At shorter
wavelengths, however, the signal is dominated by noise caused by reduced tip-sample coupling. This high-frequency noise precludes the identification of any C-H or O-H stretch
features in the sample spectra. As such, this work focuses primarily on the “fingerprint” region, 1500–700 cm−1 (6.7–14.3 µm). This range captures key features in the infrared spectra
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of both plagioclase and pyroxene while maximizing the signal-to-noise ratio. Of particular
interest to lunar and remote-sensing applications, the explored spectral range encompasses
the Christiansen feature —an important diagnostic feature in mid-infrared silicate spectra.
Canonically, the CF is defined as an emissivity maximum associated with the frequency at
which the real part of the effective dielectric constant (index of refraction) approaches unity
[139]. Since this condition occurs at wavelengths just short of the fundamental modes, the
CF contains valuable information about silicate mineral composition [140, 141].
To differentiate the near-field signal from the far-field (scattered) background, signals are
detected at higher harmonics of the tip oscillation frequency, which arise from the non-linear
near-field response. Here, we use the second harmonic response as a compromise between
background suppression and signal-to-noise ratio. After demodulation, the interferometric
signal is Fourier transformed to yield the complex near-field spectra. To first-order approximation, the spectral amplitude, |A(ν̃)|, is related to the real-valued component of the material’s complex dielectric function (i.e., the reflection coefficient) and the spectral phase,
Φ(ν̃), is similarly related to the imaginary component of the dielectric function (i.e., the
absorption coefficient) [142, 143]. However, this approximation may not be strictly valid due
to the thickness of the samples studied, the presence of nanoscale heterogeneities therein,
and variable oscillator strengths. Spectral features may therefore be shifted compared to
conventional FTIR measurements [144].

3.5

Nano-scale Secondary Ion Mass Spectrometry
(NanoSIMS)

Given that the average grain size for IDPs is on the order of micrometers, the capacity
to collect isotopic data with sub-micrometer spatial resolution is incredibly valuable to our
understanding of such samples. Such measurements can be performed using the first-of-its40

kind Cameca NanoSIMS 50 at Washington University in St. Louis, capable of achieving
spatial resolutions on the order of 100 nm. In the roughly 20 years since its inception as a
tool primarily used in cosmochemistry and the geosciences, NanoSIMS has been adopted by
a number of disciplines ranging from biology [145] to materials science [146], nuclear safety
engineering [147] to paleontology [148]. In this dissertation, NanoSIMS was primarily used
to collect

16

O– ,

17

O – , and

18

O – simultaneously to determine the isotopic compositions of

gas-to-solid condensates from a likely cometary giant cluster interplanetary dust particle. In
some instances,

12

C – and

13

C – were also collected—this had the added benefit of allowing

for efficient monitoring of the effectiveness of pre-sputtering since our samples were coated
with a thin layer of carbon to prevent excessive charging.
As suggested by its name, NanoSIMS works by detecting ions that are generated (with
efficiency that depends on electron affinity) when the sample’s surface is sputtered away by a
focused beam of primary ions (typically Cs+ , though O – primary beams are available). These
secondary ions, which are of oppositely charged to the primary ion specie, are extracted
to a mass spectrometer via a series of electromagnetic lenses and collimators. The mass
spectrometer consists of electrostatic and magnetic deflectors that bend the beam of ions,
sorting them by charge-to-mass ratio such that they can be independently recorded by a series
of ion detectors (typically electron multipliers or Faraday cups). For the work presented in
this dissertation, the NanoSIMS was used in ‘imaging mode’ wherein the primary beam is
rastered over a selected area and detector counts are recorded at each pixel for each raster,
creating a series of ion image planes that must be post-processed to account for inter-plane
drift and other sources of error described in greater detail below. It is also possible to focus
the primary beam to a single spot, which can be used to reduce dwell times or measure depth
profiles of isotopic composition.
Because the NanoSIMS separates ions by their charge-to-mass ratio, it is important to be
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able to distinguish between overlapping peaks in a sample’s mass spectrum. For this work,
the primary interference of concern is that between

17

O – and

16

OH – . Mass resolving power,

the measure of an experimental setup’s capacity to distinguish between these adjacent peaks
(separated by a minimum of ∆M ), is given by

R=

M
,
∆M

(3.1)

where M is the larger of the two masses. For the analyses performed for this work, we
achieved mass resolving powers of ≳ 5500 for

17

O – to minimize the interference of

16

OH – .

To remove adsorbed water or insoluble organic matter from the surface of a sample, the
desired raster area is pre-sputtered until the count rates for the measured isotopes stabilize.
For the work presented in this dissertation, samples were pre-sputtered with a 78 pA Cs+
beam for ∼300 s.

3.6

Transmission Electron Microscopy (TEM)

Compared to SEM-based techniques, transmission electron microscopy (TEM) is a relatively low-throughput technique. Samples must be thinned to the point of electron transparency (i.e., electrons must be capable of passing through the material at the working
accelerating voltage). While this threshold depends on the composition of the sample and
the accelerating voltage, the studied sampled were electron transparent at thicknesses of
120–200 nm as prepared following the procedures described in Section 3.2.1. Although the
sample preparation required for TEM limits the analyses that can be performed afterwards,
its superior spatial resolution makes it a powerful analytical tool. The TEM data included in
this dissertation was performed primarily using a JEOL 2100F scanning transmission electron microscope (STEM) equipped with a Bruker SSD energy dispersive x-ray spectroscopy
(EDXS) system operated with 200 kV acceleration voltage.
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The spectrum of characteristic x-rays emitted by the sample’s constituent atoms upon
excitation via scattering the electron beam is determined by the chemical composition of
the material within the beam interaction volume. These x-rays can be collected by energy
dispersive x-ray spectroscopic detectors in both SEMs and TEMs. The TEM-EDXS data
presented in this dissertation were collected with an energy resolution of 130 eV at the MnKα line (∼5.9 keV). In addition to EDXS data, high-resolution TEM images were collected
with bright-field (BF), dark-field (DF), and high-angle annular dark-field (HAADF) detectors. Bright-field images are created by recording areas that transmit electrons as brighter
than those that scatter and absorb the electron beam. Dark-field images record the scattered electron beam, such that areas of the sample with minimal electron scattering will
appear dark and areas that effectively scatter electrons (e.g., high-Z or crystalline materials) will appear bright [149]. HAADF images are produced in a similar manner, but are
passed through an aperture that selects for incoherently-scattered electrons that enhances
sensitivity to Z-contrast effects [150].
Electron diffraction patterns, obtained by defocusing the incident electron beam to be
near-parallel such that the electrons scattered by crystalline material form bright spots following the Bragg condition, are a valuable tool for studying the atomic structure of crystalline material. Though electron diffraction patterns have traditionally been recorded on
film, the diffraction patterns collected for this dissertation were recorded by CCD via the
Gatan Imaging Filter attached to the instrument. The diffraction patterns contain valuable
scientific information about the crystal structure of samples and can be used to characterize
mineral phases found in extraterrestrial samples. For this work, diffraction patterns were
post-processed and indexed using the DiffTools plugin for Gatan Digital Micrograph [151].
Physical parameters of the crystal structure, such as the unit cell vectors, can be calculated
from these data.
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3.7

Electron Probe Microanalysis (EPMA)

Electron probe microanalysis (EPMA) operates on physical principles similar to those
involved in EDXS, although utilizing wavelength-dispersive x-ray spectroscopic (WDS) detectors. Among the reasons to choose EPMA over EDXS is the superior spectral resolution
offered by WDS detectors, though this is limited to the lower end of the energy spectrum
whereas EDXS is capable of detecting the entire spectrum of emitted x-rays. For the work
presented in Chapter 6, EPMA data was collected using a JEOL 8200 electron microprobe
equipped with five wavelength dispersive spectrometers. An accelerating voltage of 15 kV and
beam current of 10 nA were used with the smallest aperture selected (spot size ≈ 0.7 µm).
Unknown spectra were measured in reference to mineral standards with known compositions. We used a mean-atomic-number background correction and corrected for direct-peak
interference between Ti (Kβ) and V (Kα). Corrections for interference between V (Kβ) and
Cr (Kα) were also applied.

3.8

Raman Spectroscopy

Raman spectroscopy, which involves detecting photons scattered by a sample illuminated
by a coherent light source, is useful for determining the vibrational modes that are active
in a given sample. The excitations detectable via Rama spectroscopy are, in general, weak
in infrared spectra. While particularly useful for classifying complex organic molecules, Raman spectroscopy can be used to interrogate the vibrational modes of crystalline material.
These data can be used to determine the structural bonds present within a sample by nondestructive means [e.g., 152]. Due to its popularity in the biological sciences, reliable and
precise Raman microscopes are readily available. These strengths make Raman spectroscopy
a value tool in the planetary scientist’s toolbox.
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For the work presented in Chapter 6, Rama spectra were collected using using an inVia Raman system (Rennishaw) with a laser wavelength of 532 nm at powers of 0.5 mW,
2.5 mW, and 5 mW at the focus plane. In general, the experimental setup was similar to
that used by Wang et al. [153]. These measurements were collected using a 50× objective,
resulting in a spot size of ∼1 µm.
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CHAPTER 4
Synchrotron Infrared Nanospectroscopy of
Space Weathered Lunar Grains
4.1

Preface

This chapter is adapted from the work published in the peer-reviewed article by: K. L.
Utt, R. C. Ogliore, H. A. Bechtel, J. J. Gillis-Davis, and B. L. Jolliff, “Detecting submicron space weathering effects in lunar grains with synchrotron infrared nanospectroscopy”,
Journal of Geophysical Research: Planets 126, 10.1029/2021je006921 (2021). The data
supporting the above publication’s findings are publicly available as: K. L. Utt, R. C. Ogliore,
H. A. Bechtel, J. J. Gillis-Davis, and B. L. Jolliff, Data for Spatially-Resolved Mid-Infrared
Spectral Evidence of Space Weathering, tech. rep. (Washington University in St. Louis Digital
Research Materials (Data & Supplemental Files), 2020).

4.2

Abstract

Space weathering processes induce changes to the physical, chemical, and optical properties of space-exposed soil grains. For the Moon, space weathering causes reddening, darkening, and diminished contrast in reflectance spectra over visible and near-infrared wavelengths.
The physical and chemical changes responsible for these optical effects occur on scales be46

low the diffraction limit of traditional far-field spectroscopic techniques. Recently developed
super-resolution spectroscopic techniques provide an opportunity to understand better the
optical effects of space weathering on the sub-micrometer length scale. This paper uses synchrotron infrared nanospectroscopy to examine depth-profile samples from two mature lunar
soils in the mid-infrared, 1500–700 cm−1 (6.7–14.3 µm). Our findings are broadly consistent
with prior bulk observations and theoretical models of space weathered spectra of lunar materials. These results provide a direct spatial link between the physical/chemical changes in
space-exposed grain surfaces and spectral changes of space-weathered bodies.

4.3

Introduction

The Moon is subject to frequent micrometeoroid impacts and bombardment by energetic
solar wind ions. The compositional and structural changes induced by these processes on
the Moon and other airless bodies are collectively referred to as space weathering [51, 52].
In aggregate, these changes to the morphology, chemical composition, and crystal structure
of individual regolith grains alter the optical properties of the bulk soil — relative to freshly
exposed lunar regolith, reflectance spectra of space exposed soils have reddened, darkened
continua, and weaker diagnostic absorption peaks in the visible to infrared (IR) wavelengths.
These effects have also been observed in studies of S-type asteroidal surface soils [56, 57] and
simulated space weathering experiments [58–60].
The effects of space weathering occur on a spatial scale comparable to the wavelength
of visible light, presenting a unique challenge to our understanding of how various weathering processes evolve and interact to produce optical changes. The physical changes induced
by space weathering, including the production of nano-phase iron particles and damage to
the soil’s crystal structure (i.e., amorphization), have been found to occur predominantly
within 100–200 nm of the grain surface [52, 61–63]. Hence, electron microscopy techniques
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are well-suited to characterize microstructural and micro-compositional changes. For instance, transmission electron microscopy (TEM) of weathered lunar soils has demonstrated
that many of the optical changes seen in weathered soil are associated with the presence
of nano-phase iron (npFe0 ) particles in amorphous rims coating mineral grains [62, 64–66],
and micro-phase iron that occurs in agglutinates [67]. In particular, npFe0 grains smaller
than 40 nm in diameter cause spectral reddening and darkening, while larger iron particles
cause only darkening [68, 69]. Although the physical and chemical changes caused by space
weathering can be detected via TEM, the localized optical effects of these changes cannot be directly interrogated using diffraction-limited spectroscopic techniques. Traditional
diffraction-limited spectroscopic techniques cannot spatially resolve features much smaller
than the wavelength of light used—most npFe0 is <40 nm in diameter. Until recently, computational modeling was required to determine the cumulative effects of space weathering
on the optical properties of lunar soil [51, 69–71].
To bridge the gap between the optical effects of space weathering and the nano-scale
physio-chemical phenomena that produce them, we used Synchrotron Infrared Nano Spectroscopy (SINS) to collect IR spectral data with sub-micrometer spatial resolution from
depth-profile samples of space-exposed lunar soil. This technique is capable of ∼20 nm spatial
resolution, making it possible to assess the optical effects of weathering phenomena at a spatial resolution sufficient to resolve sub-micrometer products of lunar space weathering [138].
Near-field infrared spectroscopy has previously been employed to analyze other extraterrestrial or planetary materials, including the Murchison meteorite (CM2) [155], a grain (Iris)
from comet 81P/Wild 2 [156], and the Didim meteorite (H3-5) [157]. This paper presents
near-field infrared spectroscopic evidence of space-weathering-induced changes to mature lunar soils’ optical properties in the “fingerprint region” of the mid-infrared (1500–700 cm−1 ;
6.7–14.3 µm).
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4.4

Materials and Methods

4.4.1

Sample Preparation

The examined samples were selected from fine-grained portions of lunar soils 79221 and
10084, shown in Figures 4.1 and 4.2. The degree of surface exposure (maturity) of lunar
soils is typically indicated by the ferromagnetic resonance (FMR) surface exposure index,
given as FMR intensity divided by iron content (Is /FeO) —see [133] for more detail. By
this metric, both 79221 and 10084 are highly mature soils with Is /FeO values of 81 and 78,
respectively [62, 158]. To prepare the soils for sectioning, we secured a portion of each sample
to an aluminum stub with carbon tape. We subsequently coated both sample and stub with
∼10 nm of gold-palladium. The coated grains were imaged in secondary and back-scattered
electrons using a Tescan Mira3 field-emission scanning electron microscope (FEG-SEM). An
EDAX energy-dispersive X-ray (EDX) spectrometer on the SEM was used for elemental
analyses and mineral identification.
As described in greater detail in the Materials and Methods chapter, SINS utilizes an
atomic force microscope (AFM) tip to enhance near-field resonances at a sample surface. To
interrogate spectral response changes as a function of depth, we created depth-profile liftouts from the grains identified via SEM-EDX. Qualitative markers of space exposure (e.g.,
surface blistering, micrometeoroid impact craters, melt splash) were used to inform the siteselection for targeted liftout extraction. Lift-outs (initial thickness ≈ 1 µm) were extracted
from space-exposed regions of the target grains with an FEI Quanta 3D focused ion beam
(FIB) equipped with a computer-controlled Omniprobe micro-manipulator. These samples
were transferred to an Omniprobe lift-out grid, upon which they were thinned to a thickness
of 300–600 nm. Each sample was subsequently polished with a low-energy (5 kV, 48 pA) Ga+
beam for roughly two minutes per side to remove any surface damage created during the
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Figure 4.1: The geospatial context for lunar soil 79221 (Samples 1–3). (A) NASA photograph
AS17-142-21827 showing approximate in situ sample location (circled) as recorded at the
time of collection. (B) 2 kV SE image of host grain for samples 1–3, extracted from the
circled areas. The encircled white rectangles indicate the orientation of each sample. (C)–(E)
2 kV SE images of samples 1–3, respectively, on Si substrate after thinning and low-voltage
polishing.
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Figure 4.2: (A) In situ sample location of lunar soil 10084 (sample 4) as recorded from the
Apollo 11 lunar module. (B) Optical micrograph of grains from 10084 affixed to an SEM stub
with carbon tape. Sample 4 was extracted from the circled grain. (C) Back-scattered electron
(BSE) image (15 kV) of the target grain for sample 4 with higher-magnification secondary
electron (SE) image inset. The white rectangle featured in the inset image denotes the FIB
extraction site for sample 4. (D) 2 kV SE image of sample 4 on Si substrate after thinning
and low- kV polishing by FIB.
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Figure 4.3: Close-up SE images (2 kV) of the selected FIB extraction sites shown in Figure 4.1B and Figure 4.2C. A dashed rectangle indicates the location from which each sample was extracted. (A) Hypervelocity micrometeoroid impact crater sampled by sample 1
(79221). (B) The site selected for sample 2 (79221); displays evidence of surface blistering
and includes two melt splash droplets. The left droplet contains vesiculated textures. (C)
The extraction site for sample 3 (79221) includes a vesiculated melt-splash droplet. The surface of this region of the grain displays a lesser degree of blistering than at the extraction
site for sample 2. (D) FIB extraction site for sample 4 (10084), selected to include small
melt splash droplets and mild surface blistering and amorphization.
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thinning procedure [159]. The thinned lift-outs were then placed onto an ultra-flat (surface
roughness < 0.5 nm) Si chip.
Table 4.1: SEM-EDX compositions of the studied lunar samples.
Sample
1–3
4

Composition (atomic percent)
O
Mg Al
Si
Ca Ti Fe
60% — 16% 16% 8% — —
57% 6% 5% 17% 4% 3% 7%

Samples 1–3 were taken from a ∼250 µm grain of 79221 with a composition consistent
with anorthite-rich plagioclase (see Table 4.1). Sample 4 was extracted from a ∼150 µm
grain of 10084 with a composition consistent with Ti-, Al-rich augite, in agreement with
prior studies of this sample and other Apollo 11 lunar rock samples [160]. A fifth sample was
taken from a terrestrial anorthite standard (Miyake Island, Japan). The studied samples and
their characteristics are outlined in Table 4.2.
Table 4.2: Descriptions of studied samples
Sample
1
2
3
4
—
4.4.2

Soil
79221
79221
79221
10084
—

Composition
Description
An-rich Plagioclase Micrometeoroid impact crater
An-rich Plagioclase Melt-splash coated
An-rich Plagioclase Surface blistering
Ti-, Al-rich Augite Mildly amorphized surface
Anorthite
Terrestrial mineral standard

Experimental Methods

Near-field IR spectra were collected using SINS at Beamline 5.4 at the Advanced Light
Source [138]. This technique can be thought of as a combination of Fourier-transform infrared
spectroscopy (FTIR), scattering-type scanning optical microscopic (s-SNOM) techniques,
and atomic force microscopy (AFM). Synchrotron IR light is coupled into an asymmetric
Michelson interferometer consisting of a beamsplitter (KBr), a moving mirror (Nicolet 6700
FTIR spectrometer), and an AFM (Bruker Innova). Light is focused onto an oscillating AFM
tip in one arm of the interferometer. The light scattered by the tip is combined with light
53

reflecting off the moving mirror in the interferometer’s second arm. The resulting interference
signal is detected on a mercury cadmium telluride (HgCdTe) detector. With this experimental setup, the spatial resolution is determined by the radius of curvature of the AFM tip
used (25 nm in this case) and is independent of the wavelength of the incident light.
The data presented in this work were collected over a broad range of mid-infrared wavenumbers, 5000–700 cm−1 (2.0–14.3 µm), with a spectral resolution of 8 cm−1 . At shorter wavelengths, however, the signal is dominated by noise caused by reduced tip-sample coupling.
This high-frequency noise precludes the identification of any C-H or O-H stretch features
in the sample spectra. As such, this work focuses primarily on the “fingerprint” region,
1500–700 cm−1 (6.7–14.3 µm). This range captures key features in the infrared spectra of
both plagioclase and pyroxene while maximizing the signal-to-noise ratio. Of particular interest to lunar and remote-sensing applications, the explored spectral range encompasses
the Christiansen feature —an important diagnostic feature in mid-infrared silicate spectra.
Canonically, the CF is defined as an emissivity maximum associated with the frequency at
which the real part of the effective dielectric constant (index of refraction) approaches unity
[139]. Since this condition occurs at wavelengths just short of the fundamental modes, the
CF contains valuable information about silicate mineral composition [140, 141].
To differentiate the near-field signal from the far-field (scattered) background, signals are
detected at higher harmonics of the tip oscillation frequency, which arise from the non-linear
near-field response. Here, we use the second harmonic response as a compromise between
background suppression and signal-to-noise ratio. After demodulation, the interferometric
signal is Fourier transformed to yield the complex near-field spectra. To first-order approximation, the spectral amplitude, |A(ν̃)|, is related to the real-valued component of the material’s complex dielectric function (i.e., the reflection coefficient) and the spectral phase,
Φ(ν̃), is similarly related to the imaginary component of the dielectric function (i.e., the
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absorption coefficient) [142, 143]. However, this approximation may not be strictly valid due
to the thickness of the samples studied, the presence of nanoscale heterogeneities therein,
and variable oscillator strengths. Spectral features may therefore be shifted compared to
conventional FTIR measurements [144].
We collected a series of line scans oriented perpendicular to the space-exposed surface
(vertically) to interrogate the effects of space weathering as a function of depth. Each line
scan is composed of 20–60 evenly-distributed points with an inter-point spacing of 20–100 nm.
Three horizontally-oriented (i.e., parallel to the grain surface) scans were collected to rule
out systematic instrumental artifacts as the cause of observed depth-dependent changes.
Background spectra were collected before and after each line scan. The experimental spectra
were referenced to the average over relevant backgrounds. The location and orientation of
each line scan are shown in Figure 4.4 and further details can be found in Table 4.3.
Table 4.3: Parameters for each line scan performed. Italic text denotes horizontally-oriented
scans (i.e., parallel to the space-exposed surface). Spectra were collected with 8 cm−1 spectral
resolution. At each point, a 500-scan measurement was collected over roughly six minutes.
Backgrounds were collected before and after each line scan.
Sample

Scan
1
1
2
3
1
2
2
1
2
3
3
4
5
1
2
4
3
4
Anorthite
1
Standard
2

Length (µm)
1.70
1.18
0.89
1.93
1.61
0.52
1.28
1.28
2.45
0.75
0.77
1.45
0.80
0.89
1.84
1.90

Points
18
22
14
22
21
5
18
65
50
11
17
29
17
30
24
20
55

Spacing (nm)
95
55
65
90
75
105
70
20
50
70
45
50
45
30
75
95

Depth(s)
0
– 1.70 µm
0
– 1.18 µm
0
– 0.89 µm
0
– 1.93 µm
0
–1.61 µm
0
– 0.52 µm
0.10 –1.38 µm
0.34 –1.62 µm
2.34 –4.79 µm
30 – 750 nm
0
– 770 nm
4.08 –4.64 µm
0
– 800 nm
1.02 µm
0 –1.84 µm
6.35 µm

Figure 4.4: Close-up SE images (2 kV) of the samples shown in Figure 4.1C–F and Figure 4.2D, upon which each line scan site is superimposed. The direction of the scans oriented
parallel to the space-exposed surface is indicated with an arrow. All vertically-oriented scans
start in the grain interior and end near the surface. (A) Sample 1 (79221), scans 1–3. (B)
Sample 2 (79221), scans 1 and 2. The second scan on this sample is located below a meltdroplet (indicated by the red arrow) that was adhered to the surface. (C) Sample 3 (79221),
scans 1–5. The first and second scans are located below an unusually thick vesiculated melt
texture. Note that scan 4 ends roughly 2.4 µm from the surface. (D) Sample 4 (10084), scans
1–4. The first and third scans are oriented vertically, whereas scans 2 and 4 were collected
parallel to the grain surface at different depths. (E) Scans 1 and 2 from the terrestrial anorthite standard, respectively oriented vertically and horizontally. Note that the discoloration
(the dark square in the upper right) is a temporary charging effect caused by Ga+ ion beam
use immediately prior to image capture. (F) An example demonstrating the alignment of
the AFM topographical image (overlaid at 50% opacity) over a reference 2 kV SE image. We
found general agreement in all AFM channels (i.e., tapping phase, amplitude, and topography), regarding the position of each scan and the Pt cap. However, the topographical image
was used for navigation and is thus shown here.
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4.4.3

Data Analysis

The data presented in this work were pre-processed using a custom program that employs
commercially available fast Fourier transform software packages (Wavemetrics Igor Pro).
Background and instrumental responses were removed by referencing the amplitude and
phase signals to a background spectrum collected on Si or Au before and after each sample
scan. The referenced amplitude and phase signals were obtained via, respectively,

|A(ν̃)| =

|A(ν̃)|sample
|A(ν̃)|reference

Φ(ν̃) = Φ(ν̃)sample − Φ(ν̃)reference .

and

(4.1)

SINS amplitude spectra are generally more susceptible to topographical and instrumental
artifacts than phase spectra. This susceptibility is partly because amplitude spectra typically present dispersive lineshapes, whereas phase spectra generally occur as Gaussian or
Lorentzian profiles, potentially making weak features more difficult to see in amplitude data.
Phase spectra have been shown to closely track the material’s local absorption coefficient
[161, 162], which is crucial for the depth-profile studies in this work. As such, we will focus
primarily on phase spectra to examine the relative changes of particular spectral features as
a function of depth.
The collection depth for each spectrum was calculated relative to the bottom edge of the
protective Pt cap. The interface of the space-exposed surface and the Pt cap was located by
overlaying high-resolution SE images (in which the Pt was visually distinct from the sample)
atop the AFM topographical images used for SINS target selection. Spectra collected from
the Pt cap were not used for the analyses described below. Figure 4.4F is an example of the
alignment of topographical and SE images.
To assess the validity of the observed qualitative spectral changes over depth, we used a
robust, iterative, non-linear least-squares fitting (or peak deconvolution) algorithm. Peaks
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in phase spectra were fit to Lorentzians with a linear baseline, following the Lorentz model
for dielectrics. The constraints and initial values used for the fitting procedure were similarly physically motivated. Together, these factors improved the efficiency and likelihood
of convergence for our analyses. This approach is loosely similar to the Modified Gaussian
Model (MGM) developed by [163], with some fundamental changes implemented to account
for the differences between SINS and far-field infrared spectroscopy. It should be noted that
the MGM, however, is typically used with UV-visible or near infrared data. Similar fitting
procedures have been used previously to analyze a suite of extraterrestrial materials such as
Martian meteorites [164], remote sensing data from Mars [165], and lunar soils (including
the two soils studied here) [166].
Specifically, an iterative, non-linear, and robust peak fitting (deconvolution) procedure
was employed to determine peak parameters for SINS phase spectra. The procedure uses a
trust-region minimization algorithm to fit a linear combination of Lorentzians with a local
linear background (see Equation (4.2)) to the data. Robustness is ensured by minimizing the
residuals’ summed square and using bi-square weighting to reduce the impact of outliers.
The general equation for this fit is given by




f (ν̃) = p1 (ν̃ − p3 ) + p2 +


n
X
ai
i=1

π

ci
(bi − ν̃)2 + c2i


,

(4.2)

where p1 , p2 , and p3 are the coefficients of the local linear baseline. The remaining coefficients
(ai , bi , and ci ) relate to the amplitude, position, and width (respectively) of the ith peak.
The number of peaks (n) required to reliably produce a fit with sufficiently random residuals
varied between samples. However, we found that n = 12 peaks was generally sufficient for
stable convergence to a near-optimal solution in the lunar plagioclase samples. Fewer peaks
(n = 9) were required to fit the spectra from the pyroxene sample.
This approach was chosen to accommodate the relatively low signal-to-noise ratio in some
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spectra; iterative models are more robust than classical methods when the signal is noisy
[167]. To reduce the number of iterations required for the model fit to converge to a nearoptimum solution, we introduced physically-motivated constraints on the coefficient values
and initialized the algorithm with reasonable starting guesses for each parameter’s values.
These constraints are included alongside other model specifications in Data Set S3.
Note that the spectra were not smoothed before performing the fitting procedure; to do
so would result in potentially severe underestimation errors when propagating uncertainties
and estimating sample statistics [168].
4.4.4

Terrestrial Standard

For purposes of comparison, two scans were collected from a terrestrial anorthite standard.
The phase spectra from these two scans are plotted in Figure 4.5. Spectra from the anorthite
standard feature two strong absorption peaks likely corresponding to Si-O-Si asymmetric
stretch Restsrahlen bands [169, 170]. The peak at approximately 1150 cm−1 (8.70 µm) is
sharp and distinct (FWHM ≈ 60 cm−1 ), whereas the peak at roughly 1035 cm−1 (9.66 µm)
is substantially broader (FWHM ≈ 170 cm−1 ) due to the presence of a shoulder roughly
centered about 965 cm−1 (10.36 µm). These features’ positions and lineshapes closely match
previously reported absorption spectra for anorthite-rich plagioclase [171, 172]. Given this
correspondence, the shallow trough at approximately 1230 cm−1 is likely related to the CF.
Accordingly, the broad minimum centered at ∼840 cm−1 is likely associated with a low-phase
feature between vibrational modes.
The SINS phase spectra from samples 1–3 are qualitatively similar to those from the
(identically-prepared) terrestrial anorthite standard. The similarity of these spectra varies
from sample to sample, as shown in Fig. 4.6. Spectra from samples 2 and 3 include the
two major features seen in the standard (peaks at roughly 1040 cm−1 and 1150 cm−1 ), but
also contain some features not observed for the terrestrial standard. By contrast, sample 1
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is characterized by spectra with relatively weak and broad features, making detailed interpretation challenging. Potential explanations for this divergence are explored further in the
Discussion.
The depth-dependent spectral effects seen among samples from 79221 were not observed in
spectra collected from the mineral standard, indicating that they are unlikely to have arisen
due to instrumental effects (see Fig. 4.5). Moreover, line scans collected from the terrestrial
standard at a constant depth were not found to differ significantly from those collected at
variable depths, offering supporting evidence that the observed variations result from space
weathering-induced microstructural and chemical changes in the uppermost layers of lunar
soil grains.

4.5

Results

4.5.1

Micrometeoroid Impact Crater

SINS phase spectra, Φ(ν̃), collected near the hypervelocity impact crater on sample 1
(see Fig. 4.3) exhibit systematic variations between the grain interior (far from the crater
bottom) and the grain surface (just below the crater). Primary among these variations is
the loss of spectral contrast with increasing proximity to the surface, as shown in Figure 4.7
and described below.
Two peaks in the phase spectra at 830 cm−1 (12.05 µm) and 1140 cm−1 (8.77 µm) broaden
and display reduced spectral contrast with increasing proximity to the surface. These effects
are most notable within 300 nm of the surface for both features. Near the surface, the loss
of spectral contrast causes the CF to become indistinguishable from the background.
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Figure 4.5: Line scan phase spectra collected on the terrestrial anorthite standard. Scan 1
(top panel, plotted in blue) is oriented perpendicular to the surface and starts in the grain
interior. Scan 2 (bottom panel, plotted in green) is oriented parallel to the grain surface.
Spectra collected at depth are plotted in darker colors, whereas the lighter colors indicate
spectra collected from near the surface. The Christiansen feature (CF) and a low-phase
feature (LPF) are indicated with arrows.
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Figure 4.6: Comparing the average SINS phase spectra of the interiors of samples 1–3 (79221)
to the terrestrial anorthite standard (Miyake, Japan). The spectra plotted for samples 1–3 are
averages over the deepest portions of each line scan. The phase spectrum for the terrestrial
anorthite standard is the average of all spectra from that sample.
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Figure 4.7: Computed fits of selected SINS phase spectra from scan 3 on sample 1, collected at
the labeled distances from the bottom of the hypervelocity impact crater on the plagioclase
grain shown in Fig. 4.3A and Fig. 4.4A. Spectra are vertically offset (dashed lines) from
one another for clarity. Shaded areas indicate 2σ confidence intervals. Diminished spectral
contrast was observed among spectra from close to the surface, particularly for key spectral
features at 830 cm−1 (12.05 µm) and 1140 cm−1 (8.77 µm).
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4.5.2

Melt-Splash Coating

Sample 2 was collected from a melt-splash coated region approximately 150 µm from the
hypervelocity impact crater on sample 1 (see Fig. 4.3). The spectra from this sample are
less noisy and contain sharper peaks than those described in Subsection 4.5.1. As shown in
Figure 4.8, these spectra evolve as a function of depth similar to those from sample 1. We
observed depth-dependent loss of spectral contrast, particularly at longer wavelengths. This
effect is most prominent among spectra collected from within 400 nm of the surface.
Spectra from the grain interior include several peaks in the range ∼950–725 cm−1 . At
the surface, these features are difficult to distinguish from the background conclusively. The
provenance of these features is explored further in the discussion. A ‘reddening’ baseline
accompanies this trend at wavelengths ≳11 µm, wherein the apparent slope transitions from
negative to slightly positive between depths of 890 nm and 400 nm. Two prominent peaks
occur at 1045 cm−1 (9.6 µm) and 1165 cm−1 (8.6 µm) in spectra from all sampled depths.
These features remain relatively stable over depth, with only some statistically insignificant
broadening observed near the surface.
4.5.3

Surface Blistering

The spectra from sample 3, characterized by its evidence of surface blistering (see Fig. 4.3),
are shown in Figure 4.9. We observed depth-dependent loss of spectral contrast, particularly
at wavelengths of 8.5–12 µm. This effect is most prominent among spectra collected from
within 250 nm of the surface.
Importantly, this sample’s spectra contain features consistent with imperfect background
subtraction. In particular, the peak at ∼1350 cm−1 is consistent with some signal from the silicon substrate ‘bleeding through’ the sample. In contrast to the sample’s diagnostic features,
this peak is stronger at the surface than in the grain interior.
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Figure 4.8: Computed fits of selected SINS phase spectra from scan 2 on sample 2, collected
at the labeled distances from the melt-splotched surface of the plagioclase grain shown in
Fig. 4.3B and Fig. 4.4B. Spectra are vertically offset (dashed lines) from one another for clarity. Shaded areas indicate 2σ confidence intervals. Diminished spectral contrast was observed
close to the surface for some features. Key spectral features at 1045 cm−1 and 1165 cm−1 are
discussed in greater detail in the text.
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Figure 4.9: Computed fits of selected SINS phase spectra from scan 5 on sample 3, collected at the labeled distances from the blistered surface of the plagioclase grain shown
in Fig. 4.3C and Fig. 4.4C. Spectra are vertically offset (dashed lines) from one another
for clarity. Shaded areas indicate 2σ confidence intervals. Diminished spectral contrast was
observed at the surface for several diagnostic features. Key spectral features at 750 cm−1 ,
1015 cm−1 , and 1145 cm−1 are discussed in greater detail in the text.

66

4.5.4

Mildly Amorphized Pyroxene

As shown in Fig. 4.10, the spectra from sample 4 display few systematic variations over
depth. Potential explanations for this are explored in the Discussion. In contrast with the
spectra from samples 1–3 and the terrestrial anorthite standard, which contain several identifiable features, the spectra from this pyroxene sample are dominated by a roughly symmetric, prominent, broad peak at 1040 cm−1 (9.6 µm). Although this peak’s intensity remains
roughly constant at all depths, its width increases slightly at the surface. At depths greater
than 550 nm, there appears to be a weak feature at ∼750 cm−1 (13.3 µm) that broadens near
the surface. However, this feature should be interpreted with caution given the variability of
these spectra at low wavenumbers (long wavelengths).
4.5.5

Depth-Dependent Spectral Effects

The collected data for samples 2 and 3 indicate that the total scattered intensity and spectral contrast are inversely correlated with distance from the space-exposed surface. Peaks
present in SINS amplitude spectra from close to the surface of these two samples are significantly less distinguishable from the continuum than in spectra collected from the crystalline
grain interior (see, e.g., Fig. 4.8). Figure 4.11 illustrates this effect centered about a peak at
1145 cm−1 found in the phase spectra of sample 3. In scans from sample 2, peaks at higher
wavenumbers were more effectively suppressed than those at lower wavenumbers. Whether
this trend extends to samples 1 and 4 remains unclear.
The integrated amplitude response, analogous to total scattered intensity, was observed to
evolve over depth (see Figure 4.12). This quantity was calculated for each collected spectrum
by integrating the amplitude signal over the wavenumbers of interest (ν ∈ [700 cm−1 2000 cm−1 ]).
In scans from samples 1–3, the total scattered intensity is strongly correlated with depth (i.e.,
spectra from close to the space-exposed surface are darker than those from within the grain
interior). This darkening effect occurs in samples 1–3 over depths of 0–2000 nm. In samples 2
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Figure 4.10: Computed fits of selected SINS phase spectra from scan 1 on sample 4 at a range
of depths from the blistered surface (see Fig. 4.3D). Spectra are vertically offset (dashed lines)
from one another for clarity. Shaded areas indicate 2σ confidence intervals. Spectral features
were not observed to undergo substantial changes over depth, as discussed in greater detail
within the text.
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Figure 4.11: Color-map demonstrating the observed relationship between spectral contrast
and surface proximity for the peak at roughly 1150 cm−1 in SINS phase spectra from sample
3 (see Fig. 4.9 and Fig. 4.4E). The data for each of the five scans shown in Fig. 4.4C were
binned by depth (16 bins,75 nm per bin) and wavenumber (20 bins, 5 cm−1 per bin). The
pixel color corresponds to the average value of the continuum-removed Φ(ν̃) spectra from
the five line scans on sample 3, for the corresponding wavenumbers and depths. The effect
size is markedly greater within the uppermost 300 nm of the sample, consistent with surfacecorrelated weathering phenomena
.
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and 3, darkening is most pronounced in the uppermost 500 nm. Interestingly, the darkening
in spectra from near the impact crater (sample 1) occurs at a shallower slope than the other
79221 samples. Data from sample 4 do not display a strong correlation between scattered
intensity and depth.

4.6

Discussion

Many minerals have qualitatively different near-field and far-field IR spectra. Though
the two spectra may share some features, there is generally no one-to-one correlation [173–
175]. This disparity means that we cannot definitively link spectral features observed in our
samples to particular vibrational modes without further analysis. Despite this, many of the
features we observed in our samples’ SINS spectra are consistent with the characteristic
absorption features reported in the literature.
The ∼830 cm−1 feature observed with varying prominence in samples 1–3 appear to be
related to the Si-O-Si or Al-O symmetric stretch features. Although prior work modeling the
optical constants of labradorite has not found a similar peak at roughly 830 cm−1 (12.05 µm)
in spectra of the complex coefficient [176], these peaks are present in a majority of the
spectra from samples 1–3 and appear to follow a depth-dependent trend similar to other
peaks. Similar features have additionally been reported in mid-infrared absorption spectra
of anorthite and albite [177]. That this feature is more pronounced for these samples result
from the presence of the hypervelocity impact crater on the host grain for samples 1–3
and the high Al-content relative to other plagioclase minerals. Al-O4 tetrahedra are more
susceptible to deformation under pressure than their Si-O4 counterparts [172, 178, 179]. It
has been speculated that (Si, Al)-O4 tetrahedra are susceptible to metastable ‘defects’ under
pressure that lead to, for example, Si-O-Si links between adjacent tetrahedra that may alter
the stretch and bending vibrational modes [180]. Alternatively, it is hypothetically possible
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Figure 4.12: The amplitude response for each collected spectrum, integrated over the range
ν ∈ [700 cm−1 , 2000 cm−1 ]. This integrated amplitude response (or total scattered intensity,
related to the reflectivity coefficient) is plotted as a function of distance from the spaceexposed surface. Each scan is plotted using the same color scheme as in Figure 4.4. (Note:
the shallowest point of scan 4 from sample 3 is beyond 2 µm. As such, it is omitted from this
figure.) Darkening occurs with greater proximity to the space-exposed surface in samples 2
and 3. Sample 1, which samples a hypervelocity impact crater on the same anorthite-rich
plagioclase grain as samples 2 and 3, displays a shallower darkening trend than the other
samples from 79221. There does not appear to be a strong correlation between depth and
integrated amplitude response for sample 4. The dashed lines plotted for sections 1–3 are
simple linear fits meant only to guide the eye.
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that these peaks could be an indication of silanol (Si-O-H) that formed formed on the surface
of the sample or on the substrate underneath the sample. Since the spectra were normalized
to an average of standard spectra, which included scans collected on the Si-chip or nearby
platinum cap, this scenario is highly unlikely.
Both soils 79221 and 10084 are classified as mature, with FMR maturity indices of Is /FeO
= 81 and 75, respectively [181]. However, the maturity index is by definition a bulk property
of soils. As such, the individual grains that comprise a mature soil are likely to have various
exposure ages. Although sample 4 displays far less pronounced space weathering effects than
samples1–3, this is more likely to be a reflection of the different mineral chemistry. Previous
studies on experimentally shocked feldspars have shown that absorption bands weaken and
broaden due to increasing glass content, particularly at shock pressures above ∼20 GPa [178,
182, 183]. In contrast, pyroxenes are more resilient to increasing shock pressures. Studies show
little change in spectral properties with shock pressures of 45 GPa and up to 65 GPa [183,
184].
Shock effects may also be responsible for the apparent dissimilarity between spectra from
sample 1 and those from the anorthite standard. The region directly below the micrometeoroid impact crater (on sample 1) experienced much greater pressures than the material
in samples 2 and 3. The most prominent feature at roughly 1100 cm−1 in phase spectra
from sample 1 may result from a shock-induced spectral broadening of the 1000 cm−1 and
1150 cm−1 features seen for samples 2–3 and the terrestrial anorthite standard. These differences could alternatively be explained by the presence of compositional or structural inhomogeneities in the soil grain. Should this interpretation be correct, our observations serve to
reinforce the value of SINS for spectroscopic investigation of micrometer-scale mineralogical
variations. The signal produced by diffraction-limited techniques is an average over various
mineral structures or compositions, making it unlikely that such minor deviations in chemical
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composition would be detectable.
In samples 2 and 3, we observed reduced total scattered intensity with increasing proximity
to the space exposed surface (see Fig. 4.12). This darkening may be associated with an
increasing concentration of npFe0 near the surface [68, 69]. Surface-correlated amorphization
may be a more parsimonious explanation, however, since the host grain for samples 1–3 does
not contain an appreciable amount of iron. Suppose that the observed darkening results from
the amorphous surface layers produced by long-term exposure to the space environment. In
that case, it is plausible that the hypervelocity impact (sample 1) vaporized or melted this
layer; this could explain why no darkening was observed for sample 1 despite originating
from the same soil grain as samples 2 and 3. This scenario is consistent with the widespread
evidence of impact-induced shock and vitrification seen near the crater in sample 1 (see
Fig. 4.7). Similarly, we did not observe a robust correlation between total scattered intensity
and depth for sample 4, suggesting that it contains limited concentrations of npFe0 or is
otherwise more robust to the space environment over the studied wavelength range.
However, it is important to note that samples 2 and 3 were extracted parallel to one
another and nearly perpendicular to section 1. As such, the effect of crystallographic orientation cannot be ruled out when comparing results among the samples. The primary
observations—namely, that there is depth-dependent spectral variation between the grain
interior and the space-exposed surface —are not affected by this limitation.
Where present, the darkening effect is most apparent within 500 nm of the grain surface
(see Fig. 4.12). This depth falls just outside of the observed range of thicknesses for amorphous rims in lunar soil (∼10–350 nm; [185, 186]), but well within the range of thicknesses
for glassy silicate layers (10–1000 nm) thought to have been produced by micrometeoroid
impacts [63]. For comparison, the average implantation depth of solar wind-produced H and
He has been estimated as ∼20–100 nm [186–188].
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That we observed space weathering effects at depths greater than the penetration range
of typical solar wind protons could suggest that the implanted hydrogen diffused into the
grain. Although some diffusion undoubtedly occurs, it is unlikely to be the dominant cause
of the observed effects given the relatively poor H-retention of lunar soil [187]. Alternatively,
the effects observed could result from the occasional bombardment of the lunar surface by
solar energetic particles (SEPs), which are substantially more energetic than solar wind ions.
Hydrogen SEPs have kinetic energies of 2–10 MeV [189], whereas typical solar wind H+ ions
have kinetic energies of ∼1 keV [190]. Although SEPs are likely to implant further into lunar
soil than average solar wind ions, they occur far less frequently. Without additional support
from independent lines of evidence (e.g., observing tracks via TEM), these confounding factors preclude definitive conclusions about the role of SEPs in the weathering of our samples.

4.7

Conclusions

We used SINS to examine surface-correlated, mid-IR space weathering effects in lunar
soil grains. In general, our results are consistent with the spectral changes previously hypothesized to be correlated with the microstructural and compositional changes measured
by TEM. Crucially, however, our results demonstrate that SINS (and related techniques)
can be used to investigate the spatial scales over which ion irradiation and micrometeoroid
bombardment affect the soil’s optical properties. With a spatial resolution comparable to
the scale of space-weathering induced microstructural and chemical changes, SINS can be
used to establish a direct link to bulk space weathering effects. As such, we have shown
that this technique fills the gap between TEM microstructural studies and far-field FTIR
measurements.
The data presented above provide clear evidence supporting previous findings that space
weathering effects result from highly localized features (on the order of tens of nanometers).
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We found that the effect size varies continuously (at the sampled spatial resolution) over a
micrometer-scale range of depths. Our results additionally indicate that soil maturity indices
should be used with caution when discussing micron-scale sub-samples of lunar soil. While
the soil maturity index is a reliable predictor of large-scale weathering effects, our results
reinforce the variability of exposure history among a soil’s constituent grains.
The techniques utilized in this study have been shown to produce results similar to those
observed in bulk lunar soils. Taking advantage of techniques with spatial resolutions on the
order of tens of nanometers, such as afforded by SINS, may prove useful for studying the
relative contribution of each small-scale process (e.g., solar wind implantation, nano-phase
iron production, micrometeoroid impacts) to the overarching space weathering phenomenon.
SINS data may also inform and refine the techniques used to simulate weathering phenomena
in the laboratory. With a more detailed understanding of the spectral effects of chargedparticle irradiation on mineral and soil grains, it may also be possible to draw parallels to,
inter alia, silicate processing in the interstellar medium [191]. It is possible to use the SINS
spectra to calculate the grain’s complex dielectric function [192, 193], which may facilitate
direct and quantitative comparisons with the spectra observed in the ISM [194]. Detailed
studies of the association between specific molecular vibrational modes and the features
present in SINS spectra of minerals may shed further light on various space weathering
mechanisms. Information regarding the molecular bonds affected by space weathering, paired
with precise chronometry and compositional measurements of weathered lunar soils, may help
to constrain or validate current models of space weathering processes.
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CHAPTER 5
Oxygen Isotopic Diversity in Cometary
Vapor-Phase Condensates
5.1

Preface

This chapter is adapted from the work published in the peer-reviewed article titled K. L.
Utt, R. C. Ogliore, N. Liu, A. N. Krot, J. P. Bradley, D. E. Brownlee, and D. J. Joswiak,
“Diverse O-isotopes among cometary vapor-phase condensates (Under Review)”, Geochimica
et Cosmochimica Acta (2022). The data supporting the above publication’s findings are
openly available as: K. Utt, Oxygen isotope measurements of cometary filamentary enstatite,
tech. rep. (2021).

5.2

Abstract

Filamentary enstatite crystals, formed by gas-solid condensation in the solar nebula, are
found in chondritic porous interplanetary dust particles of probable cometary origin. We
measured the oxygen isotopic composition of four filamentary enstatite grains from the giant
cluster interplanetary dust particle U2-20 GCP. These grains represent both the
solar (∆ 17O ≈ −30

h) and

16

O-poor planetary (∆ 17O ≈ 0

16

O-rich

h) isotope reservoirs. Our mea-

surements provide evidence for very early vaporization of dust-poor and dust-rich regions of
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the solar nebula, followed by condensation and outward transport of crystalline dust to the
comet-forming region very far from the Sun. Similar processes are likely responsible for the
crystalline silicates observed in the outer regions of protoplanetary disks elsewhere in the
Galaxy.

5.3

Introduction

Crystalline silicates are seen near and far from the central star in protoplanetary disks
around pre-main-sequence stars [196]. Crystalline silicates are also commonly found in comets,
which formed in the outer Solar System [197, 198]. Interstellar dust is almost entirely amorphous [199], so it is thought that crystalline silicates in the outer regions of protoplanetary
disks were either transported there from regions close to the central star (where stellar outbursts can vaporize disk material that then condenses as crystalline dust) or formed in situ
via an energetic process in the outer disk [e.g., 200].
Outward transport from the inner Solar System to the comet-formation region is thought
to have been inhibited by a gap at Jupiter’s orbit as early as 1 Myr after the formation
of calcium-aluminum inclusions (CAIs) based on high-precision bulk isotope measurements
of meteorites [22]. Similar giant-planet-induced gaps have been observed in protoplanetary
disks around young stars [201, 202] and are supported by theoretical computations of disk
evolution [203, 204]. A chondrule-like fragment ‘Iris’ from comet Wild 2 was measured to have
no detectable radiogenic

26

Mg from the decay of

26

Al (t1/2 = 0.72 Myr). Iris was estimated

to have formed very late in the solar nebula’s lifetime —more than 3 Myr after CAIs in CV
chondrites with the canonical 26 Al/27 Al initial ratio of 5.2×10−5 . Moreover, Iris’s mineralogy
and O isotopic composition are similar to type II chondrules found in chondrites [111]. The
existence of crystalline silicates in the outer regions of young protoplanetary disks, those
that do not yet have gaps opened by forming planets, requires a mechanism distinct from
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those that formed chondrules like Iris.
Filamentary crystals were first predicted by Donn and Sears (1963) to form via vapor-tosolid condensation of nebular gas and be accreted into comets [117]. Roughly 20 years later,
filamentary crystals (i.e., whiskers, ribbons, or platelets) of nearly iron-free clinoenstatite
(MgSiO3 ) were found in chondritic porous interplanetary dust particles (CP-IDPs) [118],
which likely came from comets. In line with its predicted growth mechanism, cometary
filamentary enstatite contains crystallographic defects indicative of direct condensation from
vapor (e.g., screw dislocations) and is elongated along the [100] crystallographic axis. As
a consequence of having condensed directly from gas and escaped subsequent alteration
(comets have experienced almost no thermal or aqueous processing), cometary filamentary
enstatite reflects the isotopic composition of the gas from which it formed.
The oxygen isotopic composition of the Sun is ∼6 % enriched in

16

O compared to the

terrestrial planets [205]. The likely astrophysical mechanism behind this solar-planetary difference is photochemical processing of the Solar System’s parent molecular cloud by nearby
massive stars [11]. Most CAIs and amoeboid olivine aggregates (AOAs), which likely condensed directly from gas very near the proto-Sun, have

16

O-rich isotopic compositions [206–

208]. Chondrules, which likely formed in a dust-rich region of the disk [38], have roughly terrestrial or ‘planetary’ oxygen isotopic compositions [209]. Vaporizing a region of the nebula
with an approximately solar dust-to-gas ratio (0.01) would produce a gas with roughly solar
values of ∆17 O, whereas vaporizing a region with a greater-than-solar dust/gas ratio would
produce a gas with higher ∆17 O values.
Prior to the Solar System’s formation, the outer region of its parent molecular cloud
was likely polluted by

26

Al-containing outflows from nearby Wolf-Rayet stars [210]. In the

earliest stages of stellar evolution, before 26 Al had been homogenized throughout the disk, the
mass accretion rate onto the proto-Sun was high and variable [211]. Fueled by this ‘clumpy’
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mass accretion, the young proto-Sun likely emanated FU Orionis-like outbursts capable of
vaporizing different regions of the disk [212] with variable dust/gas ratios [213, 214]. Unmelted fine-grained CAIs and AOAs lacking

26

Al are believed to have formed during this

early stage and have variable oxygen isotopic compositions with ∆17 O = −37
[215]. CAIs that formed after

26

h to −5 h

Al homogenized (by which time FU Orionis-like outbursts

were no longer common) are uniformly 16 O-rich (∆17 O ≈ −24

h) [206–208], indicating that

they likely formed near the Sun in a region with a roughly solar dust/gas ratio.
To investigate the origins of crystalline silicates in the comet-forming region, we measured the oxygen isotopic compositions of four filamentary enstatite grains from U2-20
(Figs. 5.1A–D) using NanoSIMS scanning ion imaging of

16

O− ,

17

O− , and

18

O− . Cluster

IDPs are unlithified, unequilibrated, highly porous aggregates composed of compositionally
diverse mineral fragments. CP-IDPs show some similarities to the Stardust samples returned
from comet Wild 2 [e.g., 216] and to dust from comet 67P/Churyumov-Gerasimenko analyzed by the Rosetta mission [217]. Multiple lines of evidence point towards a cometary
origin for the giant cluster interplanetary dust particle chosen for this work (U2-20 GCP;
Fig. 5.1E).

5.4

Materials and Methods

5.4.1

Sample Description

U2-20 GCP was collected as part of the University of Washington high-altitude stratospheric dust collection project that preceded the current NASA program. Upon contact with
the collector plate, the U2-20 aggregate ‘pancaked’ into a large cluster containing thousands
of small (≲40 µm), unequilibrated, mineralogically-diverse grains [218]. The diversity of mineral grains found in this cluster is similar to observations of grains from comet Wild 2 [108,
197, 219]. The presence of phases that have only been found in chondritic porous IDPs and
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Figure 5.1: (A–D) Secondary electron images of (A, B) enstatite whiskers and (C, D) enstatite ribbons. (E) Optical micrograph of U2-20 GCP, the giant cluster interplanetary dust
particle that contains the filamentary enstatite crystals measured for oxygen isotopic compositions. (F) Bright- and dark-field TEM images (300 kV) of the enstatite ribbon shown in
(D). These images show alternating high- and low-contrast bands indicative of stacking faults
throughout the ribbon. (G) Higher magnification bright-field image of the same ribbon, displaying lattice fringes consistent with sporadic intergrowths of ortho- and clino-enstatite.
(H) Inverted-contrast electron diffraction pattern from sample D. Severe streaking parallel
to â* is consistent with stacking disorder and ortho/clino intergrowth.
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Wild 2 samples, such as kosmochloric Ca-rich pyroxenes and FeO-rich olivines (Kool grains),
among U2-20 fragments offers further support for the aggregate’s cometary origins [107]. For
a thorough summary of the cosmochemical evidence for U2-20’s cometary origin, see [107].
U2-20’s physical properties offer further convincing evidence for a cometary origin. By
considering the pressures that an IDP experienced during atmospheric entry and those experienced upon impact with the collector flag, we can estimate upper- and lower-bounds
for the particle’s crushing strength [94]. The lower bound can be estimated by calculating
the pressures it experienced during atmospheric entry [e.g., 90]. The pressure exerted on the
particle as it enters the atmosphere is given by:
4πrρd
P (t) =
3

!

3ρatm x(t)
−g x(t) +
v(t)2 ,
4ρd r



where g x(t) is the acceleration due to gravity as a function of altitude, v(t) is the particle’s

velocity, r is the particle’s radius, ρd is the particle’s density, and ρatm x(t) is the density of
the atmosphere as a function of altitude. Assuming the pre-collection particle is a sphere of
diameter 150 µm with a density of 0.1 g/cm3 [98], we estimate that U2-20 GCP experienced
pressures of ∼ 40 Pa during atmospheric entry. Since U2-20 GCP survived atmospheric entry,
this is a lower-bound for its crushing strength.
An estimate for the upper-bound of U2-20 GCP’s crushing strength can be found by
considering the maximum pressures experienced upon impact with the collector flag, which
fragmented the particle. Previous estimates have assumed that the particle was uniformly
accelerated to 200 m/s (the aircraft’s airspeed) over the diameter of the particle, resulting
in pressures greater than 1 MPa. To make a more accurate physical estimate, we have used
fluid dynamics simulations to model the effect of aerodynamic forces exerted on the particle
prior to collision with the collector flag (originally reported in [94]).
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Assuming that the particle was initially at rest with respect to the surrounding air, we
can compute the aerodynamic forces exerted on the particle by the turbulent flow of air
around the flag. These aerodynamic forces evolve following a differential equation similar to
the one used to model atmospheric entry. Namely, the particle’s velocity evolves via:
dv
3ρatm
= sgn [u(t) − v(t)]
[v(t) − u(t)]2
dt
8ρd r
where u(t) is the velocity of the air with respect to the collector flag, calculated using
the SimFlow (SimFlow v3.1) computational fluid dynamics software package to solve the
Reynold’s-averaged Navier-Stokes equations for an incompressible 200 m/s flow with turbulence around a 20 cm2 plate. These aerodynamic effects reduce the velocity of the particle
relative to the collector flag prior to impact. Once the particle reaches the collector, we return to the simple model of the collision as a uniform acceleration over the particle diameter.
Under this treatment, we estimate that U2-20 GCP experienced pressures of ∼ 20 kPa upon
collection, indicating that the crushing strength of U2-20 GCP lies between roughly 0.04 kPa
and 20 kPa, far below the estimated strengths of most asteroidal meteoroids. The results of
these models for various radii of interplanetary dust particle (assuming a density of 0.1 g/cm3
for each) is presented in Table 5.1
Table 5.1: Results of hydrodynamically-informed model for the crushing strengths of various
IDPs of equal density (0.1 g cm−3 ), calculated for various radii.
Radius (µm)

Min. Pressure (Pa)

Max. Pressure (kPa)

75
100
125
150
175

44.0
60.0
74.2
86.8
104.1

22.9
33.7
43.7
52.7
60.7

The Grimsby and Park Forest bolide events have “first-breakup” strengths of 0.03 MPa
[220]. Despite representing the weakest measured bolide events, the Grimsby and Park Forest
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first-breakup estimates are 150 % larger than the upper bound calculated for U2-20. The
bulk crushing strength for weak asteroidal meteoroids has been estimated to be ≳1 MPa
[220]. Ordinary chondrites typically have crushing strengths two orders of magnitude greater
[221]. The crushing strength of cometary meteors, on the other hand, has been estimated
to be 1–10 kPa [97], consistent with the range estimated for U2-20. Particles from comet
67P/Churyumov-Gerasimenko collected by the COSIMA instrument aboard Rosetta have
been estimated to have a crushing strength on the order of 1 kPa, well below those of the most
fragile meteorites but entirely consistent with the range estimated for U2-20 [222]. In addition, the porosity of U2-20 is similar to the observed porosity of collected 67P/ChuryumovGerasimenko particles [218, 223]. A comparison of U2-20’s crushing strengths to various
cometary objects and chondrites is shown in Figure 5.2.
5.4.2

Analytical Methods

In preparation for NanoSIMS measurements, we transferred the samples to a sputtercleaned Au foil mount using a computer-controlled Omniprobe micro-manipulator equipped
on an FEI Quanta 3D focused ion beam/scanning electron microscope (FIB-SEM). Enstatite
grains from the Norton County aubrite were used as isotope standards. Three Norton County
grains were placed within a 10 µm radius of each sample. This geometry allowed for simultaneous measurements of the sample and internal standards.
We acquired 12 × 12 µm, 256 × 256 pixel ion raster images using the Wash U Cameca
NanoSIMS 50. Each sample was pre-sputtered with a 78 pA Cs+ beam for 300 s to remove
any adsorbed water or insoluble organic matter. Measurements were collected using a 2 pA
Cs+ primary beam focused to approximately 100 nm. We simultaneously collected
17

16

O− ,

O− , and 18 O− on separate electron multipliers. In addition to O isotopes, we collected 12 C−

and

13

C− , which incidentally allowed us to monitor the pre-sputtering progress. No carbon

isotopic anomalies were observed. For all four samples, the mass-resolving power for
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17

O−

Figure 5.2: The estimated range of crushing strengths for U2-20 GCP [94] compared to:
the cometary parent-bodies of 67P/Churyumov-Gerasimenko [222, 224] 109P/Swift-Tuttle,
169P/NEAT, 1P/Halley, 21P/Giacobini-Zinner, 2P/Encke, and 96P/Macholz [97], the likely
extinct cometary bodies 2003 EH1 and 3200 Phaethon [97], the average of 22 ordinary chondrites [221], the range measured for the Murchison and Sutter’s Mill CM2 chondrites [225,
226], and the Tagish Lake ungrouped C2 chondrite [95]. Crushing strength estimates for
cometary parent bodies are shown in blue, meteorites from asteroidal parent bodies are plotted in red, and possibly extinct cometary bodies are plotted in yellow. The dashed lines
indicate the range of crushing strengths estimated for U2-20 GCP (plotted in black).
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was ≳5500, sufficient to resolve the interference from

16

OH− . We collected 90–100 frames

(2.5 hr) for each sample, after which the whiskers (samples A and B) were entirely consumed.
However, material from the ribbons (samples C and D) remained after the measurements.
Isotopic data were analyzed using a custom Matlab script. We aligned the images from
each cycle and defined regions of interest (ROIs), avoiding grain- and raster-edges to reduce
topography-induced instrumental fractionation effects. The ROIs were also drawn to avoid
any adhering grains or potential contamination that remained after pre-sputtering. The
aligned data was then summed for each ROI to calculate the isotopic ratios
18

17

O/16 O and

O/16 O. These raw ratios were used to calculate delta-values referenced to simultaneously

measured NC aubrite standard grains via:

  17,18 s
17,18
O
16 O

O
16 O





δ 17,18 O =   17,18 su  17,18  k − 1 × 1000
O

16 O

(5.1)

O

16 O

m

vs

where (17,18 O/16 O)u is the measured ratio of the unknown, (17,18 O/16 O)s m is the ratio of the
simultaneously-measured standards, (17,18 O/16 O)s k is the accepted literature value for NC
enstatite, and (17,18 O/16 O)s vs is the accepted value for Vienna Standard Mean Ocean Water
or VSMOW [137]. Norton County has an oxygen isotopic composition (relative to VSMOW)
of δ 17 O = 2.77 ± 0.04

h, δ

18

O = 5.28 ± 0.08

229]. VSMOW has isotopic ratios of

17

h, and ∆

17

O = 0.0044 ± 0.005

O/16 O = 0.0003829 and

18

h [227–

O/16 O = 0.00200052 [230,

231]. Calculating delta-values in this way minimizes multiplicative confounding factors, such
as instrumental mass fractionation (IMF), quasi-simultaneous arrival (QSA), and detector
dead time. The reported uncertainties were calculated via bootstrap resampling (106 trials
with replacement) of the pixels within each ROI. The calculated bootstrap uncertainties
were found to be greater than or equal to statistical, though the deviation was found to be
minimal in most cases. This method for calculating the uncertainty is more likely to yield
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a reliable estimate for a small number of counts and is, therefore, more appropriate for the
small size of the studied samples (and the resulting small number of total counts).
The oxygen isotopic composition of the Norton County grains used as standards, calculated via a modified version of Equation (5.1) (wherein the measured standard composition
was changed to include only the non-‘unknown’ standard grains measured in the raster) is
displayed in Figure 5.3.

Figure 5.3: Oxygen isotopic compositions of Norton County enstatite standard grains. The
labels correspond to the sample raster in which each standard was measured. Uncertainties
are 2σ, calculated by bootstrap resampling methods.
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After NanoSIMS measurements, we prepared the remaining portions of samples C and
D for analysis via transmission electron microscopy (TEM). Using the Omniprobe micromanipulator, we transferred the ribbon remnants from the Au-foil substrate to a liftout grid
to which they were secured with a thin Pt weld. The samples were subsequently thinned to
electron transparency (∼200 nm thick) and briefly polished with a 5 kV, 48 pA Ga+ beam
(∼30 s per side). The Ga+ ion beam was used sparingly throughout the process to minimize
potential amorphization effects.
Electron diffraction measurements were performed with the FEI Titan3 G2 60-300 dual
aberration-corrected TEM/STEM at the Advanced Electron Microscopy Center, University
of Hawaii at Mānoa. Bright- and dark-field images and electron diffraction patterns were
collected for the remnants of samples C and D. However, only sample D contained enough
undamaged material to extract crystallographic information—the remnants of sample C had
been too thoroughly amorphized during the NanoSIMS measurements.
5.4.3

Search for Filamentary Enstatite in Disaggregated Primitive Meteorites

A Peltier-based freeze-thaw system [134] was used to disaggregate ∼0.15 g chip samples
of four Antarctic meteorites, plus similarly-sized samples of Murchison, Gijba, Bells, and
Acfer 094 that were not weighed (see Table 5.2). To begin the disaggregation process, the
samples were placed in canisters drilled into an aluminum block and covered with deionized
water. The canister block was sandwiched between two Peltier surfaces that cycled between
freezing and heating cycles to gently disaggregate the sample. Discrete crystals and matrix
become sufficiently separated after a few hundred cycles. The canisters were then dried under
a heatlamp in a laminar flow cabinet and emptied separately to avoid cross-contamination.
The top of the canister block was also thoroughly cleaned with compressed air between each
sample.
Disaggregated meteorite samples were imaged in secondary electrons using a script that
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Table 5.2: Meteorite samples were disaggregated and searched for evidence of filamentary
enstatite.
Meteorite

Group

Acfer 094
C2 (Ungrouped)
Alan Hills 77307,161
CO3.0
Bells
C2 (Ungrouped)
Dominion Range 08006,90 CO3.0
Gujba
CBa
Miller Range 07346,12
CO3.0
Murchison
CM2
Tagish Lake
C2 (Ungrouped)

Mass
—
0.15 g
—
0.15 g
—
0.15 g
—
0.15 g

automatically collects and stitches a mosaic of high resolution images [136]. The resultant
images (>60000 images in total) were manually searched for crystalline phases with morphological similarities to filamentary enstatite. In particular, features such as an aspect
ratio (i.e., the ratio of the length along the elongated dimension to the length along the
narrowest dimension) of 10:1 or greater. Candidate grains were additionally screened for
features inconsistent with vapor-phase growth (e.g., signs that it had been created by a fracture or secondary alteration). This involved further imagining with secondary and backscattered electrons, qualitative composition measurements via SEM-EDXS, and (for particularly
promising candidates) bright- and dark-field imaging via TEM combined with qualitative
TEM-EDXS.

5.5

Results

The acquired data are summarized in Table 5.3 and plotted on an oxygen three-isotope
plot in Figure 5.4. Sample C is enriched in 16 O relative to Earth, with ∆17 O = −29.4±28.6
and δ 18 O = −73.3±12.8

h

h (2σ). Samples A, B, and D are consistent with a planetary oxygen

isotopic composition and plot within 2σ of one another and a previously studied ribbon [94].
High-magnification bright-field TEM images of sample D (Fig. 5.1G) exhibit alternating
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Figure 5.4: (A) Oxygen three-isotope plot of U2-20 filamentary enstatite samples (U2-20,
A–D). Uncertainties are 2σ. Also plotted: a ribbon (U2-20, E) from the same cluster [94],
Genesis solar measurements [205], amoeboid olivine aggregates (AOAs) from Efremovka
[206], chondrules (LL3) [209], a CAI-like object (‘Inti’) found in comet Wild 2 [232], mean
comet Wild 2 fines [233], CH CAIs [207, 215], and CM CAIs [208]. (B) Zoom-in of the dashed
region in (A). TFL, terrestrial fractionation line; PCM, primitive chondrule mineral line.
90

h

Table 5.3: Oxygen isotopic compositions, expressed in delta notation as per mill ( ) deviation from terrestrial, of four filamentary enstatite samples from U2-20 GCP. Listed 2σ
uncertainties were calculated by bootstrap resampling methods.
Sample

Length (µm)

A
B
C
D

1.8
2.3
3.4
6.1

δ 17 O ± 2σ

δ 18 O ± 2σ

∆17 O ± 2σ

−40.5 ± 46.3
14.6 ± 83.6
−67.6 ± 27.9
−6.8 ± 20.1

0.5 ± 23.5
−11.5 ± 69.1
−73.3 ± 12.8
−2.8 ± 8.9

−40.7 ± 48.7
20.6 ± 89.5
−29.4 ± 28.6
−5.4 ± 20.4

high- and low-contrast bands that indicate stacking faults caused by the sporadic intergrowth
of ortho- and clino-enstatite. These stacking faults are also indicated by the intense streaking
parallel to the â* -axis visible in the electron diffraction pattern. These crystallographic features suggest this ribbon condensed from a high-temperature vapor, forming proto-enstatite
that converted to ortho-/clino-enstatite as it cooled [118]. The search through disaggregated
samples of primitive meteorites resulted in the identification of several grains morphologically consistent with filamentary enstatite have been identified, however no samples selected
for further testing were chemically or crystallophically consistent with vapor-phase enstatite.
The most promising example, a ∼7 µm long whisker-like grain found in the Murchison CM
chondrite, was identified to be a twinned lamellar crystal of wollastonite (CaSiO3 ) as shown
in Figure 5.5.

5.6

Discussion

5.6.1

Uniqueness of Filamentary Enstatite

Filamentary enstatite grains provide a record of early Solar System energetic processes
distinct from chondrules or other early condensates such as CAIs or amoeboid olivine aggregates (AOAs). CAIs and AOAs were likely formed by condensation in a cooling nebular gas of
approximately solar composition but experienced varying amounts of subsequent alteration
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Figure 5.5: (A) SE image (5 kV) of a promising filamentary grain (circled) extracted from
Murchison. None of the samples selected for further study were found to be filamentary
enstatite. This grain was determined to be wollastonite via TEM-EDS. (B) The whisker
candidate on a Au mount suitable for NanoSIMS. c) Bright-field (S)TEM image of a thin
section extracted from the whisker via FIB. A twinning defect (inconsistent with vapor-phase
growth) is circled in red in the Wollastonite grain.
in the nebula and/or on their asteroidal parent bodies [29, 234–236]. Whereas chondrules
recorded events in which the dust present in the protoplanetary disk was melted but not
vaporized (e.g., shock waves generated by spiral density arms in marginally unstable protoplanetary disks [36, 38]), filamentary enstatite is a product of more energetic events capable
of completely vaporizing the dust. Experiments and laboratory measurements suggest that
oxygen isotope exchange occurred between the nebular gas and still-molten chondrules [237–
239]. On their way to their outer regions of the disk, the CAIs and chondrules accreted
by comet Wild 2 both likely experienced reheating events that resulted in oxygen isotopic
exchange [240, 241]. By contrast, cometary filamentary enstatite avoided any such isotope
exchange and thermal alteration—the volatile ices that definitionally comprise cometary parent bodies [e.g., CO, CO2 , CH3 OH; 102, 242] offer evidence that their nuclei have remained
below ∼100 K for their lifetimes in the outer Solar System [243]. For these reasons, cometary
filamentary enstatite provides a uniquely well-preserved record of the most energetic events
in the solar nebula.
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5.6.2

Formation Environments

Filamentary enstatite does not form via the same process as enstatite grains observed
in primitive meteorite inclusions, chondrules, or matrices. These non-filamentary enstatite
grains (e.g., those observed in chondrules of Kakangari and the matrix thereof [244] or
particles from comet Wild 2 [245]) most likely formed either by via a reaction of forsterite and
gaseous SiO [234, 246] or by re-crystallization after thermal metamorphism [247]. Enstatite
without associated forsterite (such as filamentary enstatite in IDPs) must have formed by
a different mechanism, such as condensation from gas with a sub-solar Mg/Si ratio [118,
248]. Vaporization of material in the solar nebula by energetic events can create the vapor
compositions needed to condense enstatite. The chemical and crystallographic properties
of filamentary enstatite are consistent with condensation from a gas with sub-solar Mg/Si
values, which can be produced via vaporization and recondensation of nebular dust in highly
energetic events not recorded by CAIs or chondrules.
16

O-Poor Filamentary Enstatite
Samples A, B, and D and a previously studied ribbon from the same cluster [94] have

‘planetary’ oxygen isotopic compositions that plot within 2σ of δ 17,18 O = 0. Samples A
and D are inconsistent, at the >2σ level, with sample C and

16

O-rich gas-to-solid conden-

sates/refractory inclusions found in meteorites. The O isotopic compositions of samples A,
B, and D suggest that they formed by re-condensation of vaporized dust-rich regions of the
disk, possibly near the terrestrial planet-forming region where

16

O-poor solids were abun-

dant. The vapor-phase crystallography of sample D (Fig. 5.1F–H) is consistent with having
formed from a rapidly-cooling gas, such as that which would be produced in dust-rich regions
vaporized by an FU Orionis-like outburst. Although it cannot be definitively ruled out, an
outer Solar System formation for these grains is unlikely given that processes sufficiently
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energetic to vaporize dust appear incapable of extending beyond the orbit of Jupiter [49].
16

O-Rich Filamentary Enstatite
The cooling rate over the crystallization temperatures for silicate minerals (∼1700–1400 K)

is proportional to the local dust-to-gas ratio [38]. Since clino-enstatite is generally produced
via a rapidly cooling gas (such as those created by the vaporization of material in dustrich regions of the disk) [244, 248], this may appear at first glance to preclude filamentary
enstatite growth in the gas-rich portions of the disk. However, it is possible to produce clinoenstatite from vaporized material in dust-poor regions of the disk under the right conditions.
The simplest scenario under which these conditions are met involves only the vaporization
and rapid recondensation of evolved material with Mg/Si<1. Other scenarios which meet the
conditions to form filamentary enstatite could potentially exploit the diminished cooling rate
of recondensing vaporized dust in gas-rich areas. Even if the Mg/Si ratio of the precursor
solids was near the solar value of 1.05 [249, 250], it would be possible to produce filamentary
enstatite provided that the condensing gas remained between the condensation temperatures
of forsterite (1397 K) and enstatite (1354 K) long enough to produce large forsterite crystals
(bringing the Mg/Si ratio of the remaining gas below unity) that were subsequently removed
from the area [251]. A gas-to-solid inclusion of silica found alongside a 16 O-rich AOA from the
CR chondrite Yamato-793261 [252] provides evidence for similarly Si-rich conditions (likely
produced via this pathway). Therefore, it is probable that pockets of gas with compositions
amenable to filamentary enstatite production were present even in gas-rich portions of the
hot inner portion of the early Solar System.
Sample C is among the most

16

O-enriched Solar System objects ever measured: it plots

within 2σ of the O isotopic composition of the Sun as inferred from Genesis measurements
[205] and exceedingly rare

16

O-rich refractory inclusions in carbonaceous chondrites [206,

208]. Sample C’s extremely

16

O-rich composition is consistent with condensation from a gas
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produced by evaporation of a disk region with a roughly solar dust/gas ratio, likely near the
central star or above the disk’s mid-plane [212].
Both

16

O-poor and

16

O-rich filamentary enstatite could condense in the inner disk if

both groups formed early. Oxygen isotope measurements of a hibonite-rich, fine-grained
CV3 CAI are consistent with coexisting primordial 16 O-poor and 16 O-rich gaseous reservoirs
[253]. We propose that the

16

O-poor and

16

O-rich filamentary enstatite reported here were

formed similarly—by vaporization of different regions of the solar nebula by FU Orionis-like
outbursts, when mass accretion rates on the Sun were highest (i.e., very early). Filamentary
enstatite crystals that condensed from these different gas reservoirs were transported to the
outer regions of the disk and subsequently accreted by the same (likely cometary) parent
body.

5.7

Conclusions

The rate of outward transport in a protoplanetary disk is roughly proportional to the rate
of mass accretion onto the central star [211, 212]. Grains that condensed early and close to
the Sun would be efficiently transported outwards to the comet-forming regions. It follows
that outer Solar System bodies such as comets likely accreted some of the oldest crystalline
dust that formed close to the Sun. The migration of inner Solar System material likely took
place in the first ∼500 kyr, before Jupiter’s core opened a gap in the disk [254]. A schematic
of the formation and transport of filamentary enstatite to the comet forming region is shown
in Figure 5.6.
Our results can explain the isotopic composition of refractory inclusions in outer Solar
System bodies and the origin of crystalline dust in young disks elsewhere in the Galaxy.
For example, the refractory particle ’Inti’ from comet Wild 2 lacks radiogenic
and is

16

O-rich with ∆17 O ≈ −20

26

h [232]. We interpret Inti’s lack of radiogenic
95

Mg [255]

26

Mg as a

Figure 5.6: Illustration of the proposed formation and transport of filamentary enstatite
grains with dichotomous oxygen isotopic compositions. The grains were transported from
different regions of the inner disk to the outer disk quickly after they formed and before a
forming Jupiter opened a gap in the disk. The cometary and asteroidal parent bodies (NC,
non-carbonaceous; CC, carbonaceous chondrites) formed from material local to different
regions of the solar nebula at the time they formed [22].
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sign of early formation and predict that similar refractory objects in comets should be free
of radiogenic

26

Mg and have variable ∆17 O values. A similar scenario can explain CAIs in

CH chondrites, whose parent-body accreted late and far from the Sun. Compared to other
meteorite classes, CH chondrites contain a high proportion of 26 Al-poor CAIs, which formed
close to the young Sun and exhibit a range of ∆17 O values [215, 256]. Using the Solar System
as a general model for planet formation in the Galaxy, crystalline dust observed in the outer
regions of extrasolar protoplanetary disks [196] could have formed and migrated outward
early in the disk’s lifetime.
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CHAPTER 6
Potential Mercurian Missives—Achondritic
Impact Debris in the CH3 Chondrite Acfer 182
6.1

Preface

The work presented in this section is reproduced from work described in the publication
titled: K. L. Utt, R. C. Ogliore, M. J. Krawczynski, P. K. Carpenter, and A. Wang, “Achondritic impact debris in the CH3 chondrite Acfer 182: A possible Mercurian inclusion (In
Preparation)”, Geochimica et Cosmochimica Acta (2022).

6.2

Abstract

The metal-rich CH carbonaceous chondrites contain abundant xenolithic clasts originating
from different regions of the Solar System. We identified a 100 µm × 50 µm heideite grain
(iron-titanium sulfide) with exsolution lamellae of calcium-rich titanium oxide in the CH3
chondrite Acfer 182. Thin veins of shock-induced kamacite cross-cut the oxide lamellae,
suggesting that it was ejected into the protoplanetary debris disk during an impact event
before eventually being accreted by the CH chondrite parent body. This assemblage is distinct
from heideite grains found in enstatite chondrites, aubrites, and the Kaidun meteorite. We
propose that this object originated from a differentiated, highly-reduced planetesimal in
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the inner Solar System. We use MESSENGER data to show evidence of titanium-sulfides
and calcium-sulfides on a specific region of Mercury’s surface. We additionally identified
two phosphide spherules of schreibersite and barringerite with kamacite eutectic structures.
These objects are likely to have formed during an impact between planetesimals during the
debris-disk phase of the protoplanetary disk before being incorporated into the CH chondrite
parent body.

6.3

Introduction

Acfer 182 is a 166-gram CH (high metal) chondrite found in Algeria in 1990 and is
paired with Acfer 207 and Acfer 214. The meteorite’s matrix, severely altered by terrestrial
weathering, surrounds an abundance of fine-grained clastic debris [257–259], chondrules,
and calcium-aluminum-rich inclusions. Though metals are common in Acfer 182 (up to 20
vol. %), sulfides rarely occur [<1 vol. %; 260]. CH chondrites are linked to another metalrich group of carbonaceous chondrites, the CB (Bencubbin type) chondrites, through the
Isheyevo meteorite, which contains lithologies of CH and CB.
While most of the clastic debris observed in CH chondrites appears to have originated from
carbonaceous-chondrite-like parent bodies (e.g. CM and CI), CH chondrites also accreted exogenous material from differentiated, inner Solar System bodies. Zhang et al. [261] report two
fragments in Sayh al Uhaymir 290 (CH3) made of Ca-, Fe-rich olivine, Al-, Ti-rich augite,
anorthite, oxides, Ca-phosphates, metal, and enstatite. The authors inferred that these fragments came from an angrite-like parent body, though their oxygen isotopic compositions and
various chemical and textural features differ significantly from the angrites. It is, therefore,
possible that these fragments represent a previously unsampled basaltic planetesimal.
While carbonaceous-chondrite-like clasts are commonly found in differentiated meteorites
such as aubrites [131] and howardites [132], the inverse scenario (finding differentiated or
99

reduced clasts in a carbonaceous chondrite) occurs far more rarely. Although they appear to
be rare, the mere presence of differentiated clasts in carbonaceous chondrites implies that
some degree of radial mixing occurred such that inner and outer Solar System were not fully
separated. In recent years, this anecdotal evidence has been reinforced by the discovery that
the bulk isotopic compositions of meteorites often fall into consistent and non-overlapping
groups —carbonaceous-like (CC) and non-carbonaceous (NC)—when ratios from two different isotope systems are plotted against each other [126]. The separation between these groups
in isotope space has been interpreted as corresponding to a separation in physical space, with
Jupiter’s rapidly forming core preventing the exchange of material between them. The CH
chondrites belong in the CC group, which is clearly separated from the NC group in a plot of,
e.g., ∆17 O vs. ϵ54 Cr [262]. The accretion age of CH chondrites, determined based on models
of the amount of

26

Al to reach peak metamorphic temperature under radiogenic heating, is

3.2 ± 0.3 Myr after CAIs [263]. Jupiter’s core is thought to have accreted within 1 Myr after
CAIS, preventing the subsequent mixing of NC and CC material [126]. NC material such
as the highly reduced aubrites, enstatite chondrites, and differentiated planetesimals should
therefore be absent from CH chondrites under this hypothesis.
However, a number of exogenous clasts from the differentiated planetesimals that populated the early inner Solar System (from the NC group) have been found in CC-group
meteorites. [128] reports unequilibrated ordinary chondrite chondrule fragments (NC group)
found with within CM and CR chondrites. A ferroan trachybasalt fragment found by [264] in
a CR chondrite appears to have formed via magmatic activity within a carbonaceous asteroid
in the beginning stages of differentiation. The Kaidun meteorite, a complex microbreccia of
many different meteorite types proposed to originate from Ceres or Phobos, contains fragments of enstatite chondrites [265]. The origin of a white xenolithic clast in the Murchison
CM chondrite may be related to R chondrites, though its origin remains a subject of debate
[266, 267]. An igneous clast in the NWA 12651 CM chondrite may be linked to the parent
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body of an iron meteorite, a pallasite, or a CB chondrite [268]. Chondrule fragments from
an unequilibrated ordinary chondrite (NC group) were found in CM chondrites (in the CC
group) by , implying that these two reservoirs mixed at some time or for some grain sizes.
Identification of additional NC material in CC meteorites would imply that these reservoirs
mixed at some level. This result would require the Jupiter Gap to be either porous [e.g., 128]
or non-existent [e.g., 269].
If it can be shown that a given clast incorporated by a meteorite from the CC group
is consistent with forming on a differentiated basaltic parent body, then that clast is very
likely exogenous in nature (i.e., it originated from the NC group). A prime example of such
a differentiated basaltic planetesimal can still be found in our Solar System: Mercury. Data
collected during NASA’s Mercury Surface, Space Environment, Geochemistry, and Ranging
(MESSENGER) mission has greatly improved our understanding of the smallest planet,
revealing its unique chemistry and surface geology [270]. With these data, it may now be
possible to identify Mercurian samples with some degree of confidence. In this work, we
describe three grains of highly-reduced phases found in the CH3 chondrite Acfer 182. Namely,
we report a 100 µm × 50 µm titanium-sulfide assemblage and two phosphide spherules (one
95-µm in diameter and the other compressed to a 50 µm × 60 µm oblate spheroid). We
additionally explore the potential origins of these grains using a combination of laboratory
and mission-derived data.

6.4

Materials and Methods

6.4.1

Sample Descriptions

We examined a 1-inch round thin section of Acfer 182 with the tandem goals of identifying
cosmic symplectite [11] and carbonaceous-chondrite-like clasts [132] for detailed NanoSIMS
studies. While browsing through the electron images and X-ray maps collected via the meth101

ods described in the following section, we noticed three regions of interest: one with an
above-average concentration of titanium and sulfur (Figure 6.1) and two rich in iron and
phosphorus (Figure 6.2B). We followed this initial identification with higher-magnification
BSE maps and longer-duration EDS maps. We identified a titanium sulfide grain and two
phosphide grains that likely formed under reducing conditions, and analyzed these three
grains further by energy dispersive x-ray spectroscopy in the scanning electron microscope
(SEM-EDS) and electron probe microanalysis (EPMA).
6.4.2

Scanning Electron Microscopy

We collected back-scattered electron (BSE) images and X-ray maps over the entire Acfer
182 thin section using custom software developed at Washington University in St. Louis [137].
The BSE maps were acquired at 15 kV accelerating voltage, a pixel size of 49 nm, and a dwell
time of 3.2 µs/pixel. The X-ray maps were also acquired at 15 kV accelerating voltage, but
at higher beam current, 2 µm/pixel, and 0.013 seconds/pixel total dwell time. Qualitative Xray maps for common elements were created from the 469 spectral data cubes using custom
Matlab code. The BSE and X-ray maps are available for viewing at full-resolution online:
https://presolar.physics.wustl.edu/maps/Acfer182_X.html.
6.4.3

Electron Probe Microanalysis

Following SEM analyses, we analyzed the heideite and phosphide particles with a JEOL
8200 electron microprobe at Washington University in St. Louis outfitted with five wavelength dispersive spectrometers. The major element compositions of the heideite and phosphide grains were quantified using the Probe for EPMA (PFE) software package. Specifically, we measured for the presence of Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe,
and Ni. Spot WDS analyses were performed using an accelerating voltage of 15 kV, beam
current of 10 nA, and the minimum spot size (0.7 µm). We used a mean-atomic-number background correction and corrected for direct-peak interference between Ti (Kβ) and V (Kα).
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Figure 6.1: Back-scattered electron images of heideite object in Acfer 182.
Corrections for interference between V (Kβ) and Cr (Kα) were also applied.
6.4.4

Raman Spectroscopy

We acquired Raman spectra on the heideite grain using an inVia Raman system (Rennishaw) with a laser wavelength of 532 nm at powers of 0.5 mW, 2.5 mW, and 5 mW at the
focus plane. Our measurements were collected using a 50× objective, resulting in a spot size
of ∼1 µm. This study’s experimental setup is similar to that described by Wang et al. [153].
The samples did not appear to become overheated or burned during the Raman measurements. The locations of Raman analyses are shown in Figure 6.8.
6.4.5

Transmission Electron Microscopy

After the EPMA and Raman data had been collected, high-resolution x-ray maps and
electron diffraction patterns were collected using a JEOL 2100F scanning transmission electron microscope (STEM) running the Gatan Microscopy Suite. To prepare the samples for
STEM-EDS and electron diffraction, we used an FEI Quanta3D Dual-Beam focused ion
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beam (FIB) to extract and polish two thin-section liftouts from the heideite grain and two
thin-sections from the least altered phosphide grain (see Figures 6.2 and 6.3). The samples
were thinned to electron transparency (∼200 nm) and polished with a low-energy (10 kV,
30 pA) Ga+ beam (1–2 min /side) to remove any surface amorphization induced by the ion
beam [159]. Diffraction patterns were post-processed and measured using the DiffTools plugin
for Gatan Digital Micrograph [151].
High-resolution x-ray maps were collected using the TEM-equipped Bruker SSD EDS
system with 200 kV acceleration voltage (130 eV energy resolution at Mn-Kα). Diffraction
patterns were collected along various zone axes (verified by imaging Kikuchi bands) with a
selected-area aperture inserted into the TEM column and recorded by CCD camera (1002 ×
668 pixels, 0.034 nm/pixel). The maps were pre-processed with the Bruker ESPRIT software
package.
The elemental composition of the oxide lamellae in the Acfer 182 titanium sulfide assemblage was determined via ZAF-corrected quantitative TEM-EDS. Using these data, we
performed charge balance calculations (with Ti valence state as the primary unknown) to
estimate the proportion of Ti3+ contained within the lamellae. The bounds of this proportion
P
(Ti3+ / Ti) were calculated by first assuming the oxidation state of the Fe within the oxide.
6.4.6

MESSENGER Analysis

To explore the suitability of Mercury as a stand-in for differentiated basaltic planetesimals in the early Solar System, we re-analyzed the 233 data points that [271] derived from
MESSENEGER x-ray spectrometer measurements. For our purposes, we sorted and binned
the data by latitude (25 points per bin) before dividing the data into 25 longitude bins using
the same method. For each bin that contained more than three measurements of both X/Si
and S/Si (where X = Ca or Ti), we calculated a histogram of the allowed correlation coefficients using bootstrap resampling of the data and reported errors. From this histogram,
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Figure 6.2: Locations of liftouts extracted from the (A) heideite grain and (B) phosphide
grain.
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Figure 6.3: Secondary electron image (5 kV) of a vertical cross-section taken from an altered
oxide lamella, which occurs as segmented vein (i.e., containing different material in its core)
and is cross-cut by shock veins.
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we calculated the lower bound (−2σ) for the distribution of allowed values for ρ (plotted in
Fig. 6.13A and C). It is important to note that, since the calculated values are lower bounds,
the true value is likely to be larger.

6.5

Results

Figure 6.4: Back-scattered electron images with a parula color map to better distinguish
between heideite (yellow-orange), Ti-oxide lamellae (dark blue), altered oxide (light blue),
and kamacite shock veins (yellow-white). Unaltered oxide lamellae (A) and altered oxide
lamellae (B) are both cross-cut by shock veins, suggesting that some alteration may be
primary.
Back-scattered electron images of the heideite particle are shown in Figures 6.1 and 6.4.
We segmented the BSE image (Figure 6.5) by masking the object with a hand-drawn polygon,
then applied a Matlab implementation of Otsu’s image segmentation algorithm [272] with
five levels. X-ray maps for the heideite particle are shown in Figure 6.7. Most of the dark
grains surrounding the heideite in Figure 6.1 are low-Ca pyroxene, En90–95 , consistent with
the composition of some chondrule fragments in Acfer 182 [e.g., 257]. EPMA results for the
heideite object are given in Table 6.1.
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Figure 6.5: Segmented BSE image showing the different phases: (1) background, (2) exsolved
Ti-oxide lamellae (21% of object area), (3) altered Ti-oxide lamellae (9%), 4) altered sulfide
(8%), 5) heideite (62%). Kamacite veins were not segmented but are present at the <1%
level.
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Table 6.1: Heideite (and similar) compositions in different samples (reported in weight percent).

S
Fe
Ti
Cr
Ni
V
Mn
Na
Ca
Total

Busteea

Cumberland Fallsb

Kaidunc

Acfer 182d

44.9
25.1
28.5
2.9
...
...
...
...
...

40.1
9.6
40.3
9.6
...
...
0.88
...
...

43.0
22.2
28.9
6.9
0.51
...
0.33
<0.03
0.08

42.09
31.00
22.02
4.40
0.62
0.08
0.05
0.04
0.02

101.40

100.50

101.94

100.32

a Keil

and Brett [273];
sulfide’, [131];
c [274], d1-L, average of five analyses;
d This work (avg. of five analyses).
Mg, Al, Si, K, and P were <0.01 wt. % in our measurements of the Acfer 182 heideite grain.
b ‘Ti-rich

X-ray and BSE maps (collected via SEM) for the phosphide particles are shown in Figure 6.6. The phosphide particles contain fine-scale intergrowths or inclusions of Fe-Ni, many
of which have been weathered away to oxides.
The Raman spectra for the heideite are reasonably similar to other sulfides, particularly
niningerite, troilite, and oldhamite [276]. The peak at ∼150 cm−1 appears in the Raman
spectra of most sulfide minerals and is likely the result of an inactive or infrared-active
vibrational mode that has become Raman active due to local symmetry breaking [276]. The
double peak at 300 cm−1 and 350 cm−1 is similar to Raman peaks observed for niningerite,
oldhamite, troilite, and alabandite [276].
The primary oxide lamellae (spots 1–7 in Figure 6.8) have a primary peak at 706 cm−1 .
The spectral contrast for this sole distinguishable feature varies greatly among the different
lamellae with no apparent spatial or chemical correlation. These spectra are not consistent
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Figure 6.6: (A) BSE image of phosphide spherule 1. (B) X-ray map of phosphide spherule
1. Here, red represents Fe, green represents P, and blue represents O. (C) BSE image of
phosphide spherule 2. (D) X-ray map of phosphide spherule 2. (E) Contrast-enhanced close
up of (C) showing kamacite (bright) within schreibersite (dark). Field of view is 6 µm. (F)
Schreibersite-kamacite eutectic structure in a metallic Apollo 12 regolith particle, reproduced
from [275]. Field of view is 12 µm, twice that in (E).
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Figure 6.7: X-ray maps of the heideite object. Scale bar shown on S map is 50 µm.
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Figure 6.8: (A) Locations of Raman analyses overlaid on a back-scattered electron image of
the heideite grain. (B) Raman spectra for four points from unaltered regions of the heideite
grain. (C) Raman spectra for eight points from the oxide lamellae within the heideite grain.
The oxides have been altered to varying extends by terrestrial weathering.
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Table 6.2: Composition of schreibersite and barringerite in Acfer 182 P-rich spherules (reported in weight percent).
Schreibersitea
Na
Al
Si
P
S
Ca
V
Cr
Mn
Fe
Ni
Total

Barringerite

0.06
0.04
0.39
17.10
0.19
0.02
0.03
0.81
0.06
76.19
6.91

0.09
0.04
0.60
21.00
0.45
0.04
0.08
1.23
0.06
74.20
5.40

101.83

103.30

b

2+
of four spots. Empirical formula: Fe0+
1.21 (Fe1.26 Cr0.03 Ni0.21 )P
2+
0+
b Empirical formula: Fe
0.648 (Fe1.31 Cr0.04 Ni0.14 )P
a Average

with any single oxide mineral and may be indicative of a polycrystalline assemblage of various
phases.
The Raman spectra of a secondarily-altered oxide (spot 16 in Figure 6.8) feature a primary
peak that is shifted to slightly lower wavenumbers (681 cm−1 ) and a broad secondary peak
at 350 cm−1 that is not present in the primary lamellae. The spectrum for this point is
consistent with ferrihydrite [277], a common phase in terrestrially altered meteorites.
Table 6.3: Normalized composition of oxide lamellae determined by ZAF-corrected quantitative TEM-EDS.
Element
O
Fe
Ti
Ca
Si
Cr
S

wt. %
28.03
36.37
20.19
5.78
3.28
4.85
1.50
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at. %
54.31
20.19
13.08
4.47
3.61
2.89
1.45

The oxide lamellae in the heideite grain are composed primarily of O, Ca, Ti, Cr, and
Fe. As can be seen in the x-ray composition maps obtained by TEM-EDS displayed in
Figure 6.9, the boundary between the heideite grain and the oxide is particularly dramatic
for sulfur. There are additionally some minor Fe enhancements along the boundaries of the
oxide lamellae. The composition of these lamellae as determined by quantitative TEM-EDS
is shown in Table 6.3. From our charge-balance calculations using this data, we estimate that
the titanium contained in the oxide lamellae is predominantly Ti4+ , with a Ti3+ /ΣTi value
between 0 and 0.34
Figure 6.10 shows high-resolution TEM-EDS x-ray maps of the oblong, metallic inclusions
present in the phosphide grains. The metallic inclusions are composed primarily of Fe, Ni,
and Cr. Interestingly, there is a small (∼ 50-nm-diameter) chromium metal nano-inclusion
contained within the larger metallic grain.
Table 6.4: Calculated unit cell parameters for natural (meteoritic) heideite.

Acfer 182a
Busteeb
a This
b Keil

a (Å)

b (Å)

c (Å)

β (°)

5.83
5.97

3.5
3.42

11.4
11.4

90.38
90.2

work;
and Brett [273]

Electron diffraction patterns were collected at various locations on the heideite grain and
the oxide lamella. The heideite grain produced well-defined crystalline diffraction patterns
whereas the primary oxide lamellae produced weak and diffuse ring patterns suggestive of
a poly-crystalline assemblage. Although the heideite and primary oxide produced patterns
distinct from one another, the diffraction patterns were consistent across the sample within
each phase. This result indicates that the heideite and oxide are both relatively homogeneous
at the micron scale despite the polycrystalline nature of the oxide lamellae.
The orientation of the patterns produced by the heideite grain was found to be remain
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Figure 6.9: TEM-EDS x-ray composition maps of an oxide lamella contained with the heideite
grain.
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Figure 6.10: TEM-EDS x-ray composition maps of an oblong, metallic inclusion (roughly
1.2 µm long and 500 nm wide) representative of those seen throughout the phosphide grain.
The inclusion is nearly P-free and contains less Ni than the surrounding phosphide grain,
but is also host to a curious chromium metal inclusion roughly 50 nm in diameter.
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Figure 6.11: HAADF image of sub-micron mineral inclusions (transparent, euhedral) and
kamacite eutectic features (dark, rounded) contained within the Acfer 182 phosphide grains.
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the same across the sample, signaling that it is mono-crystalline. Through our analysis of
the collected diffraction patterns, we determined that the heideite is monoclinic, belonging
to the I 2/m space group. The crystallographic parameters we obtained for heideite are
presented in Table 6.4 alongside those found by [273].
Our analysis of the data from [271] revealed that the region with the strongest correlation
between Ti and S is also among the areas with the strongest correlation between Ca and S. We
estimated the slopes of the plots shown in Figure 6.13B and Figure 6.13D (and the associated
uncertainties) using a total-weighted least squares fit [278]. We used these estimated slopes
as proxies for the Ti/S and Ca/S atomic ratios in this region, located near the Pantheon
Fossae feature in the Caloris Basin (shown in Fig. 6.13E). Our results indicate that this
region is composed of material with Ti/S = 0.75 ± 0.45 (2σ) and Ca/S = 2.12 ± 1.49 (2σ),
consistent with heideite (Ti/S = 0.52) and oldhamite (Ca/S = 1) to within 2σ uncertainty.
This evidence suggests that Ca-sulfides and Ti-sulfides are coincident on Mercury’s surface
in this region (and likely others). Additional information can be derived from the non-zero
x-intercepts in both of the correlation plots shown in Figure 6.13. Physically, this corresponds
to the presence of some sulfur-bearing phase(s) with no Ca or Ti.

6.6

Discussion

6.6.1

Origin of Oxide Lamellae in Heideite: Primary Feature or Terrestrial Alteration?

Heideite is the primary phase in this grain, in contrast to the typical method of sulfide
growth (via sulfidation of Fe-metal grains), which produces a sulfide rim surrounding a
metallic core similar to those seen in corroded terrestrial irons [279]. Moreover, the absence
of pervasive minor element zoning or oxidation in the host grain indicates that the oxide veins
were not caused by terrestrial weathering [c.f., 280, 281]. It is therefore highly probable that
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Figure 6.12: Indexed electron diffraction patterns from the oxide lamella (top) and the host
heideite grain (bottom) found in Acfer 182. The HAADF image (center) shows the areas
from which each pattern was collected. The oxide lamellae patterns consist of diffuse and
faint rings, indicative of a fine-grained polycrystalline structure of various phases. Patterns
from the heideite sample indicate that it is monomineralic, remaining constant
across every

sampled location. The pictured heideite pattern was viewed along the 101 crystallographic
axis. To make weaker spots easier to see, the intensity was scaled to the −1
power.
3
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Figure 6.13: Colormaps displaying the correlation coefficient between Ca/Si and S/Si (A) as
well as Ti/Si and S/Si (C) element ratios, calculated using re-binned MESSENGER x-ray
spectrometer from [271] superimposed on a cylindrical projection map of Mercury’s surface.
The bin most correlated in Ti/Si vs. S/Si is highlighted in red. Plots of the Ca/Si vs. S/Si
(B) and Ti/Si vs. S/Si (D) element ratio data for the highlighted bin are included. (E)
The location of the latitude/longitude bin highlighted in (A) and (C) overlaid on Mercury’s
surface. (Inset) A closeup MESSENGER image showing the general surface features near
the highlighted bin.
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the oxidization event for the exsolution veins occurred on the host grain’s parent body via
contact with an oxidizing fluid or melt. The oxidation event responsible does not necessarily
require high oxygen fugacities —Fe3+ is a more efficient oxidizer of sulfide minerals than
O2 , particularly at high temperatures [282]. This pre-terrestrial oxidation scenario is also
consistent with the observed Fe zoning, present only in the exsolution veins.
Although the primary oxide lamellae produce somewhat variable Raman spectra, this
is unlikely to be a result of secondary alteration. Rather, it is probable that the observed
spectral variation is caused by the poly-crystalline structure indicated by electron diffraction.
Since the diffraction data indicate the oxide is largely structurally homogenous, the variation
in Raman spectra may be the result of local compositional heterogeneities. The primary
peak of the spectrum from the most-altered region on the oxide is shifted relative to the
primary oxide spectra and is accompanied by a feature not present in the primary spectra.
This distinction further supports the conclusion that the oxide lamellae targeted for FIB
extraction and subsequent TEM measurements were not substantially altered by secondary
processes.
In niningerite, an increasing Fe concentration towards lamellae boundaries (‘reverse zoning’) has been interpreted to indicate parent-body thermal alteration that resulted in Fe
diffusion from the lamellae back into the host grain [283]. However, no such zoning was
observed in the studied heideite liftouts despite the presence of a minor enhancement of
Fe along the boundary between the heideite and exsolution lamellae. The Fe-enhancement
along the edges of these lamellae are more likely to be products of diffusion from an oxidizing fluid than to have originated from post-crystallization heating or terrestrial alteration.
Examinations of terrestrial ilmentite (FeTiO3 ) exsolution lamellae, such as those observed in
sulfidic terrestrial magmatic assemblages [284], magmatic mafic–ultramafic intrusions [285],
and plutonic rocks [286], indicate that such assemblages formed from the unmixing of a slow-
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cooling Ti-rich melt [287]. The exsolution lamellae found in the studied heideite grain appear
to run parallel to the host’s crystallographic planes (see Fig. 6.12), which suggests that the
exsolution likely formed via a solid-phase process (i.e., after the heideite grain had solidified)
inconsistent with those responsible for the creation of similar terrestrial structures.Although
it’s possible that the zoning phenomenon would be less apparent if the cooling were slow
enough, the authors believe that the production of oxide phases from a Ca-bearing fluid may
be responsible for the minor Fe enhancements observed along the lamellar edges. The picture
is further complicated by evidence for high-temperature reprocessing among silica-rich components in CH chondrite Acfer 182 and its paired sample Acfer 207 [288]. These conflicting
lines of evidence are reconciled by the heideite grain’s exogenous nature, which necessarily implies that CH chondrites accreted material transported outward from throughout the
protoplanetary disk.
Cross-cutting the exsolution lamellae are thin veins of kamacite, which the authors interpret as shock features. Similar textures have been reported among metal-sulfide inclusions
found in (particularly achondritic) meteorites [289]. Given that the kamacite shock veins
cross-cut the otherwise continuous exsolution lamellae, it is clear that the latter predates the
former. This stratigraphic evidence is particularly apparent in Figure 6.4, wherein the oxide
lamellae are discontinuous only at intersections with kamacite veins. We can therefore rule
out terrestrial weathering and shock metamorphism as mechanisms responsible for the exsolution lamellae since the shock could not have occurred on Earth and the lamellae predates
the shock event. Moreover, shock features are not seen in other sulfides in Acfer 182, consistent with the low shock stage of CH3 chondrites. With this in mind, the impact responsible
for ejecting Acfer 182 from the CH parent body is unlikely to be the cause of the shock
features observed in the heideite. We therefore suggest that the shock event that produced
the kamacite veins was likely that which ejected the heideite grain from its differentiated
parent body.
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Although the oxides may have been more susceptible to secondary alteration (e.g., via
heating or shock metamorphism during the event that produced the kamacite veins) and
terrestrial weathering [290], this is unlikely given that the host heideite retained its chemical
and structural properties. It is unlikely that the heideite would have retained its sulfur if it
were subject to severe terrestrial weathering. This hypothesis is additionally supported by
the absence of pervasive minor element zoning or altered oxidation states in the host grain
[c.f., 280, 281]. The absence of detectable halogen contamination (to within ∼0.3 atomic %)
in TEM-EDS data from both the heideite and the lamellae further bolsters confidence that
terrestrial weathering was not a major factor. It is therefore probable that the oxidization
event for the exsolution veins occurred on the host grain’s parent body.
6.6.2

Formation of Heideite Grain

Heideite is a rare meteoritic mineral, having only been found in three primarily achondritic
meteorites: Bustee [273, 291], Cumberland Falls [131], and the Kaidun breccia [274]. The
Acfer 182 heideite grain is distinct from the previously reported specimens insofar as it is
significantly larger, contains oxide lamellae, and occurs as an isolated grain.
In Kaidun, heideite generally occurs as inclusions in (or at least associated with) niningerite
[265]. The heideite grain in Acfer 182, however, appears to be isolated. Although it may appear euhedral at first glance, the observed geometry is inconsistent with the crystal habit
determined via electron diffraction crystallography. It is therefore probable that this represents a fragment of a larger grain that may have fractured during the shock event that ejected
it from its parent body. As seen in the x-ray maps of the area (Fig. 6.7), the phases neighboring the heideite are predominantly Fe-poor olivine with a small number of Ca-rich silicates
and iron oxides. The oxygen-rich silicate phases and thoroughly oxidized iron compounds
that surround the heideite are indicative of a formation environment and alteration history
not experienced by the heideite grain. These observations imply that the heideite grain is
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unrelated to the phases surrounding it, offering further support for origins exogenous to the
CH chondrite parent body.
The most likely formation scenario for the heideite grain involves a Ti-, Fe-, and Crrich sulfide melt in a strongly reducing environment. Under this interpretation, heideite
crystallized from the cooling melt well before the oxide lamellae formed. It is feasible that
the lamellae formed prior to becoming oxidized, with primary exsolution phases including
wassonite [TiS; 292], troilite [FeS 257], daubréelite [FeCr2 S4 ; 293], and pyrrhotite [Fe7 S8 ;
257] that were subsequently oxidized. The most likely scenario for the oxide’s formation is
explored in Section 6.6.3. The temperature at which heideite crystallizes has been estimated
to be ∼900–1000 K [273] and the heideite crystal is expected to remain stable up to ∼1275 K
[294], further bolstering the metamorphic or igneous formation and pre-terrestrial oxidation
indicated by other lines of evidence. Together these conditions imply that the heideite grain
likely formed in a sulfur-rich, Ti- and Fe-bearing magma on a highly-reduced differentiated
planetesimal.
6.6.3

Formation of Iron-Titanium-Oxide Lamellae

The poly-crystalline oxide lamellae in the heideite assemblage have compositions consistent with multiply-oriented nanoscale Ti-oxide phases. As discussed above, the oxide lamellae
in Acfer 182 heideite are unlikely to be products of terrestrial alteration. These oxide veins
are additionally inconsistent with having formed via shock, given the pristine monoclinic
structure of the host heideite grain. This is incontrast to superficially similar textures observed in sulfide minerals from the basaltic eucrite Northwest Africa 8003 [295], a shocked
melt vein from the Tenham L6 chondrite [296], and non-stoichiometric shock-induced melts
from the Haig (IIIAB) iron meteorite [297]. Consequently, the oxide lamellae in Acfer 182
heideite are likely primary features.
The oxidation state of titanium (and to some extent, iron) in the oxide lamellae are
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instructive as to its formation. Our analyses indicate that the titanium contained in the oxide
lamellae is majority Ti4+ , with our estimate of Ti3+ /ΣTi falling below the average valence
for titanium in lunar Fe-Ti oxides produced under oxygen fugacity conditions analogous to
lunar magmatism [298]. This evidence suggests that the exsolution lamellae observed here
originally formed in an environment more reducing than lunar magmas. Combined with the
TEM-EDS and electron diffraction observations, these oxidation state estimates point to the
mixture containing various nanoscale domains of phases such as Ca-armalcolite [CaTi2 O5 ;
299], perovskite [CaTiO3 ; 299], ilmenite [FeTiO3 ; 300, 301], and pseudorutile [Fe2 Ti3 O9 ; 302].
The highly oxidized nature of the lamellae (relative to the extremely reduced heideite)
indicates that they likely formed via interactions between the host heideite grain and a
calcium-bearing oxidizing fluid. Potential sources for the fluid include calcium sulfates created
by parent-body weathering of e.g., oldhamite [303]. Nanocrystallinity in the lamellae is highly
suggestive that the interactions between the heideite grain and the Ca-bearing fluid occurred
at a low-temperature (≲575 K)—free energy minimization would tend to drive the production
of larger crystalline domains at higher temperatures. It is feasible that after the heideite grain
solidified, it developed a series of small cracks that were progressively widened by the growth
of phases deposited by the Ca-bearing fluid. Similar structures have been observed to form
via this progressively-widening-crack pathway in terrestrial rocks [see e.g., 304, 305]. Since
Acfer 182 is an exceedingly dry type 3 chondrite that contains an abundance of Fe-Ni metal,
this process must have occurred on the original, highly-reduced differentiated parent body
of the heideite grain (i.e., not on the CH chondrite parent body).
6.6.4

Formation of Phosphide Grain with Metallic Inclusions

The two phosphide phases found in Acfer 182—schriebersite, (Fe, Ni)3 P, and barringerite,
(Fe, Ni)2 P—have been found in the Ollague pallasite [306] but are apparently exceedingly
rare among chondritic meteorites. Although both phosphide spherules were found in the same
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thin section as the heideite grain, we did not observe any titanium-rich phosphide phases
such as florenskyite (FeTiP), which has been found in the Kaidun microbreccia [307]. The
phosphide grains are rounded and contain Fe-Ni metal with intergrowth textures, though
much of this metal has been replaced by oxide via weathering. As seen in Figure 6.11, the
Acfer 182 phosphides contain numerous metallic and nano-crystalline inclusions inconsistent
with direct condensation. The spherical morphology and agglutinitic texture offer strong
evidence for having formed from a melt in a low-gravity environment.
Interestingly, the observed grains bear marked similarities to phosphide spherules found
in lunar soils [308]. In addition to sharing a spherical melt-droplet morphology, phosphide
spherules in both Acfer 182 and lunar soil contain eutectic structures of exsolved metals.
The large-scale schreibersite-kamacite eutectic structures (see Fig. 6.6) throughout both
Acfer 182 phosphide grains point to a slow cooling rate consistent with having been ejected
during an impact. This hypothesis is further supported by the dendritic appearance taken on
by the exsolved kamacite at finer scales. Similar structures are readily observed in metallic
spherules formed by impact shock heating [275, 308–310]. The Acfer 182 phosphide spherules
do not show evidence of secondary thermal alteration—the grains both retain significant
phosphorous and do not display diffusional zoning in any major element.
The available evidence suggests that the studied phosphide grains formed during an impact melt rather than from a slowly cooling gas of solar composition. Although Fe-Ni metal
condenses from a cooling gas of solar composition before silicate and phosphide minerals at
pressures >10 Pa [311], the exceedingly low abundance of P relative to Fe (P/Fe ≈ 1%) and
Ni (P/Fe ≈ 17%) all but prohibits the formation of large phosphides with small Fe-Ni inclusions, as observed here [30]. If the Acfer 182 phosphides formed via direct condensation, one
would instead expect predominantly metallic grains surrounded by a thin rim of phosphide
phases [312]. Thermodynamic considerations of the compositions recorded for the phosphide
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grains offer support for the formation scenario implied by their petrographic features. The
presence of a eutectic structure between the host phosphide and the exsolved kamacite is
indicative of slow cooling through an equilibrium temperature of 1275–875 K [313], as one
would expect for an impact-heated melt droplet that was ejected into a low-pressure environment. A similar phenomenon has been observed in iron meteorites, wherein phosphorous
content may control the formation of kamacite exsolution patterns called Widmanstätten
patterns [314]. The presence of a small (∼50 nm diameter) chromium-rich inclusion in the
Fe-Ni metal from the phosphide grain is puzzling but not inconsistent with an impact-driven
formation. It is possible, for example, that the metallic grain was incorporated into the melt
while it was still molten or that it exsolved after the surrounding metal had solidified.
6.6.5

Mercury as a Potential Source for Achondritic Clasts in Acfer 182

Although the reducing conditions recorded by the aubrite parent body make it a tempting
candidate for the source of Acfer 182 heideite, this scenario is rendered unlikely by the relative
chronology of aubrites and the CH chondrite parent bodies. High-precision measurements
of the I-Xe chronometer in the Shallowater aubrite indicate a crystallization age of 4.90 ±
0.25 Myr after CAIs [24, 315]. Since the accretion age of the CH chondrite parent body is
estimated (based on models of the amount of
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under radiogenic heating) to be 3.2 ± 0.3 Myr after CAIs [263], mineral grains that formed
on the aubrite parent body were likely not incorporated into CH chondrites.
Having discussed the apparent contradictions which arise if the aubrite parent-body is
assumed to be the source of heideite in Acfer 182, we are left to examine an alternative.
Near-infrared spectra of the Mercurian surface are characteristically featureless, implying
that it is dominated by low-albedo and opaque mineral phases such as sulfides and Tioxides [316, 317]. Although it may be impossible to definitively establish a link between the
studied heideite grain and a young Mercury, there are substantial similarities between the
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innermost planet and the parent body on which this heideite formed. Crystallizing FeOpoor magma within the highly-reduced planet is conducive to the formation of rutile and
Ti-sulfides [318]. The incorporation of sulfur (and to some extent, iron) into Mercury’s core
likely occurred via core-mantle differentiation. Sulfur is highly soluble in Mercury’s reduced
magmas (≳ 5 log fO2 below the iron-wüstite buffer), providing an environment for Ti-sulfides
to crystallize as it cooled [319, 320]. Mercury’s interior Measurements collected by the x-ray
spectrometer aboard the MESSENGER spacecraft offer support for these mechanisms [321].
Correlations between Ca/Si, S/Si, and Ti/Si ratios on Mercury’s surface are consistent with
Ti-rich sulfides that co-occur with Ca-bearing phases (see Figure 6.13). On some regions of
Mercury’s surface, this co-occurrence is particularly striking.
Given that the aubrite parent body formed too late to function as a source for the Acfer
182 heideite, it is worthwhile to examine whether an impact on a young Mercury could have
liberated this grain before the Acfer 182 parent body accreted. It has been proposed that
proto-Mercury collided with a massive planetesimal (1/6 of its original mass, 3/8 of its current
mass) at some point early in the planet’s history [322]. Unfortunately, a precise chronology of
Mercury’s first solidification and differentiation is not accessible with current methods. The
most reliable estimates of Mercury’s age are limited by its most recent catastrophic collision.
Under this framework, the oldest experimentally determined age of Mercury corresponds
to the last time it was entirely resurfaced—approximately 4.4–4.1 Gya (∼200–500 Myr after
CAIs) [320, 323]. The end of Mercury’s period of effusive volcanism is estimated to be roughly
3.55 Gya (>1 Gyr after CAIs) [324], with minor lava flows persisting until as recent as 1 Gya
[see e.g., 325–327], meaning that other areas of the planet’s surface are even younger. In light
of this gap in our knowledge, the authors cautiously speculate that the Acfer 182 heideite
may have been shocked and ejected in the course of proto-Mercury’s collision with an early
massive planetesimal. It is also possible that the heideite grain originated from a previously
unsampled differentiated planetesmial, though this hypothesis is inherently untestable via
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currently available means.
Igneous sulfides, titanium-rich phases, and (Ti, Ca) oxides have been proposed as signatures of potential Mercurian meteorites generated by massive impacts [328]. Although
MESSENGER data has revealed that the Mercurian surface is likely depleted in S relative
to its magmas [321, 329], the reduced magmas would be ejected during a massive impact.
Collisions that occur at Mercurian orbits are inherently high-speed (∼30 km s−1 , [322]) and
would thus generate abundant shock features throughout the ejecta. In addition, these highly
energetic collisions would likely produce orders of magnitude more dust-sized ejecta for each
large fragment they create. This dust could be accreted by asteroids actively accreting at
the time.
Asteroid parent bodies that accreted during the gas- and dust-rich phase of the solar nebula would be dominated by this dust, as is seen in most classes of chondrites with abundant
fine-grain matrices. During the debris disk phase of the nebula, the Solar System was largely
free of dust except for the debris generated by planetesimal collisions. Chondrites with parent bodies that accreted during this phase would preferentially accrete the collisional debris
present in the disk. Clast-rich meteorites such as CH chondrites are therefore likely to be
good candidates to contain debris from impacts of large and small planetesimals.

6.7

Conclusions

Our examination of reduced phases in Acfer 182 has led us to questions regarding the
degree of radial transport in the protoplanetary disk. Although the CH chondrite parent-body
accreted relatively late [263, 330] and far from the Sun, meteorites from this class contain a
high proportion of CAIs that formed very early and close to the young Sun [215, 256]. High-T
objects, such as CAIs and igneous minerals, therefore must have been transported outwards
from their origins in the inner Solar System to where they were subsequently incorporated
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into the CH chondrite parent body. The widespread nature of this radial transport may
also help to explain the presence of other differentiated materials in CH3 chondrites, such
as addibischoffite (Ca2 Al6 Al6 O20 , a high-T but low-P phase from Acfer 214 [331]), a Ti-,
Sc-rich ultrarefractory inclusion in Sayh al Uhaymir 290 [261, 332], and refractory metallic
inclusions in NWA 470 [333].
We posit that the mineralogical conditions required to form the heideite and phosphide
grains described here indicate their achondritic origins and that their presence in a CH
chondrite belies the non-porous Jupiter Gap hypothesis. The heideite grain, in particular,
is consistent with having formed on a highly-reduced, differentiated parent body bearing
marked similarities to the planet Mercury. If this heideite truly originated on Mercury, it may
be possible to extract a signature of the early Hermean magnetic field using the techniques
described by, e.g., [334] or [335]. A more precise determination of the Ti and Fe valence
states present in the various components of the heideite assemblage (unaltered heideite, Tioxide lamellae, and shock-generated kamacite veins) via X-ray absorption near-edge structure
(XANES) measurements [298, 336, e.g., ], may help to further clarify the oxygen fugacity
conditions recorded by the grain. Such measurements may help to clarify our understanding
of achondritic parent bodies at the earliest stages of protoplanetary disk evolution. Potential
landed missions may help to produce the requisite knowledge for detailed models of Mercury’s
role in these processes [337].
Regardless of the specific parent body or bodies responsible for the phosphide and heideite grains in Acfer 182, it is clear that they are exceedingly unlikely to have formed in
situ among carbonaceous-chondrite-like material. Heideite in Acfer 182 is inconsistent with
previously described occurrences in aubrites and the Kaidun breccia and likely originated
from a distinct parent body. While the aubrite parent body crystallized too late to produce
the heideite observed in Acfer 182, a feasible alternative is found in the planet Mercury (or
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an extinct Mercury-like planetesimal). Together, our results offer an independent line of evidence supporting efficient radial transport of material from achondritic inner Solar System
bodies to the CH chondrite parent-body-forming region within the first 3 Myr after CAIs.
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CHAPTER 7
Conclusions
It is clear that the laboratory study of extraterrestrial material will remain central to
the endeavor of understanding the physics and chemistry involved in our Solar System’s
formation. Even though the recent progress in unmanned spacecraft missions and astronomical observational capacity have been exciting to witness and will undoubtedly enrich our
understanding of the Universe, the high degree of precision that is required to rigorously
test our hypotheses surrounding star and planet formation is only possible to achieve in
Earth-based laboratories. There remains a lurking challenge, however, for laboratory studies
of extraterrestrial material. Due to the large-scale nature of the astrophysical phenomena
recorded by extraterrestrial material, it is difficult to draw statistically rigorous conclusions
about system-wide processes from the minuscule fraction of Solar System material available
for study. While this can be partially remedied in the future (via, e.g., targeted sample collection missions or improved precision in remote sensing observations), a large portion of
the material that contained valuable clues from the early Solar System have been vaporized,
melted, or otherwise processed to the point of erasing that information. The major strength
of laboratory studies of extraterrestrial material arises from its ability to empirically test astrophysical hypotheses of Solar System evolution, providing physically-motivated constraints
on the processes underlying our current best models.
This dissertation has presented analyses of material spanning the Solar System through
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space and time employing a combination of electron microscopic, spectroscopic (near-field
infrared and Raman), and isotopic techniques. The evidence obtained through these investigations was used to test models of Solar System processes near and far from the Sun at times
spanning from just after CAIs formed to just a few million years ago (incredibly recent, in
astrophysical terms). The impact of energetic and disruptive phenomena on the dynamics
of the early Solar System has been a primary area of focus for this dissertation. Filamentary enstatite grains likely formed from the gas generated by high-energy outbursts from
the Sun that vaporized dust in large swaths of the protoplanetary disk as it transitioned
to a main-sequence star were found in a likely-cometary interplanetary dust particle, calling into question the hypothesis that comets accreted exclusively local material. Although
filamentary enstatite grains are sufficiently small to be transported across the gap in the protoplanetary disk created by Jupiter’s formation, which has been hypothesized to physically
separate the inner and outer Solar System, observations of larger material inferred to have
crossed this gap provide evidence that appears to conflict with this model. The observation
of exogenous clasts in the CH3 chondrite Acfer 182 that likely formed on a differentiated
and reduced planetesimal in the inner Solar System reported as part of this dissertation offer
strong evidence against a neatly-separated protoplanetary disk. Within the framework of the
Jupiter gap hypothesis, the reservoir of carbonaceous-like material accreted by Acfer 182’s
parent body should have been free of material from the non-carbonaceous-like reservoir such
as the observed heideite assemblage and phosphide spherules.
In addition to the above-mentioned studies of remnants from early Solar System history,
this dissertation included the application of newly-developed experimental techniques to
much-later-forming lunar samples in order to interrogate space weathering phenomena. Since
space weathering is a currently-operant process that may affect future observations of airless
bodies, a detailed model of the mechanisms underlying the associated effects on the material’s
observational characteristics is critical. The high-spatial-resolution near-field infrared spectra
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of weathered lunar grains collected as part of this dissertation offer strong evidence in support
of the current model of space weathering. In particular, the strong depth-dependence of
spectral darkening and reddening observed in spectra from weathered soils is consistent with
the microstructural defects induced by exposure to the solar wind (including the production
of nano-phase iron particles via implanted H+ ) previously proposed to be responsible for
space weathering observations.
A number of open questions and gaps remain in our understanding of Solar System formation and evolution, many of which have been mentioned throughout this dissertation.
Thankfully, many of these open questions may be answerable through continued work in cosmochemistry, astrophysics, planetary science, and the other overlapping disciplines concerned
with planetary and stellar formation. With increased collaboration between these disciplines,
a more complete model of our Solar System can be assembled. The ability to empirically test
models of protoplanetary disk evolution generated from astrophysical calculations and astronomical observations will make the types of laboratory analyses of extraterrestrial material
presented throughout this dissertation a valuable tool in this endeavor.
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APPENDIX A
Electron Diffraction Patterns and d-Spacings

Figure A.1: Electron diffraction pattern from the heideite grain, collected along zone axis 1
with a camera length of 30 cm.
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Table A.1: Results of electron diffraction along zone axis 1 with a camera length of 30 cm.
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

5.85
5.78
2.91
2.90
1.94
1.94
1.74
1.74
1.68
1.67
1.67
1.67
1.51
1.50
1.49
1.49
1.45
1.45
1.31
1.30
1.30
1.29
1.17
1.12
1.11
0.97
0.87

911
1522
1643
1831
964
712
2860
1597
495
1743
892
870
512
1801
989
925
2362
1446
296
848
526
582
690
1991
1205
286
453

32
53
57
64
34
25
100
56
17
61
31
30
18
63
35
32
83
51
10
30
18
20
24
70
42
10
16
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Figure A.2: Electron diffraction pattern from the heideite grain, collected along zone axis 1
with a camera length of 40 cm.
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Table A.2: Results of electron diffraction along zone axis 1 with a camera length of 40 cm.
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

5.86
5.80
2.93
2.92
1.96
1.95
1.76
1.75
1.68
1.68
1.68
1.67
1.51
1.50
1.46
1.45
1.17

952
548
1132
1049
575
407
1867
959
1120
301
530
487
1136
577
1489
845
394

51
29
61
56
31
22
100
51
60
16
28
26
61
31
80
45
21
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Figure A.3: Electron diffraction pattern from the heideite grain, collected along zone axis 2
with a camera length of 30 cm.

179

Table A.3: Results of electron diffraction along zone axis 2 with a camera length of 30 cm.
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

5.83
5.81
5.40
5.38
5.37
5.34
3.30
3.27
3.26
3.26
3.04
3.00
2.91
2.91
2.71
2.69
2.68
2.66
2.19
2.17
2.17
2.17
2.11
2.10
2.09
2.09
1.99
1.99
1.98
1.98
1.94
1.94
1.79
1.79
1.79
1.78
1.64
1.64
1.63

1701
1734
996
930
911
983
844
1141
1027
803
1212
1291
1199
1271
1200
1240
1235
1498
742
1003
1019
798
1175
1377
1429
1742
602
622
839
985
1094
1099
543
885
581
935
773
1245
1141

98
100
57
53
52
56
48
65
59
46
70
74
69
73
69
71
71
86
43
58
58
46
67
79
82
100
35
36
48
57
63
63
31
51
33
54
44
71
65
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Table A.3 continued from previous page
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

1.63
1.61
1.61
1.61
1.60
1.53
1.53
1.52
1.52
1.52
1.51
1.47
1.47
1.46
1.46
1.46
1.45
1.35
1.34
1.34
1.34
1.32
1.31
1.31
1.31
1.29
1.29
1.28
1.28
1.27
1.27
1.26
1.26
1.20
1.20
1.20
1.20
1.19
1.19
1.17

897
585
779
782
717
913
439
983
502
600
1193
614
588
1279
1207
949
1081
610
575
1127
1139
543
973
877
597
384
765
836
426
599
430
664
515
889
882
412
946
893
514
547

52
34
45
45
41
52
25
56
29
34
68
35
34
73
69
54
62
35
33
65
65
31
56
50
34
22
44
48
24
34
25
38
30
51
51
24
54
51
30
31
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Table A.3 continued from previous page
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

1.16
1.16
1.15
1.09
1.09
1.09
1.09
1.08
1.07
1.05
1.04
1.01
0.99
0.99
0.97
0.97
0.95
0.92
0.86

729
808
872
649
401
642
839
713
691
396
497
926
814
867
387
481
677
559
517

42
46
50
37
23
37
48
41
40
23
29
53
47
50
22
28
39
32
30

Table A.4: Results of electron diffraction along zone axis 2 with a camera length of 40 cm.
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

5.88
5.81
5.41
5.36
5.34
5.34
3.29
3.28
3.26
3.26
3.04
3.03
2.92
2.92
2.70
2.70

1919
1887
902
932
1014
1030
1045
846
1182
804
1257
1383
1335
1237
1335
1300

100
98
47
49
53
54
54
44
62
42
65
72
70
64
70
68
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Table A.4 continued from previous page
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

2.69
2.68
2.19
2.19
2.18
2.17
2.11
2.11
2.10
2.09
2.00
1.99
1.99
1.99
1.95
1.95
1.80
1.79
1.79
1.79
1.65
1.64
1.64
1.63
1.61
1.61
1.61
1.61
1.54
1.52
1.52
1.52
1.52
1.47
1.47
1.47
1.47
1.46
1.46
1.34

1604
1299
1020
713
1011
772
1518
1224
1491
1875
1018
848
543
563
1153
1148
900
496
938
547
1321
756
1182
923
757
767
546
688
920
990
448
1230
558
572
1357
610
1289
1105
939
1220

84
68
53
37
53
40
79
64
78
98
53
44
28
29
60
60
47
26
49
28
69
39
62
48
39
40
28
36
48
52
23
64
29
30
71
32
67
58
49
64
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Table A.4 continued from previous page
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

57
58
59
60

1.32
1.27
1.27
1.21

997
638
376
882

52
33
20
46
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Figure A.4: Electron diffraction pattern from the heideite grain, collected along zone axis 2
with a camera length of 40 cm.
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Figure A.5: Electron diffraction pattern from the heideite grain, collected along zone axis 2
with a camera length of 50 cm.
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Table A.5: Results of electron diffraction along zone axis 2 with a camera length of 50 cm.
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

5.83
5.83
5.42
5.37
5.35
5.32
3.28
3.28
3.27
3.26
3.05
3.02
2.91
2.91
2.71
2.69
2.69
2.67
2.18
2.18
2.17
2.17
2.10
2.10
2.09
2.00
1.99
1.99
1.98
1.94
1.94
1.79
1.79
1.78
1.64
1.60
1.51
1.47
1.45

1570
1531
792
709
687
776
624
823
597
909
1015
1085
974
1076
1023
1041
1041
1313
523
817
767
582
1226
1197
1572
419
408
773
638
878
903
699
389
722
1077
579
988
439
897

100
97
50
45
44
49
40
52
38
58
65
69
62
68
65
66
66
84
33
52
49
37
78
76
100
27
26
49
41
56
57
44
25
46
68
37
63
28
57
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Figure A.6: Electron diffraction pattern from the heideite grain, collected along zone axis 3
with a camera length of 40 cm.

188

Table A.6: Results of electron diffraction along zone axis 3 with a camera length of 40 cm.
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

1
2
3
4
5
6
7
8

2.10
2.10
1.74
1.07
1.06
1.05
1.05
0.87

1791
1642
2237
694
1164
359
1034
566

80
73
100
31
52
16
46
25
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Figure A.7: Electron diffraction pattern from the heideite grain, collected along zone axis 4
with a camera length of 40 cm.
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Table A.7: Results of electron diffraction along zone axis 4 with a camera length of 40 cm.
Spot #

d-Spacing (Å)

Abs. Intensity

Rel. Intensity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

5.84
5.82
3.03
3.03
2.92
2.90
2.71
2.70
2.69
2.68
2.12
2.12
2.10
2.09
1.95
1.94
1.65
1.64
1.63
1.52
1.51
1.48
1.47
1.47
1.46
1.46
1.45
1.34
1.17

1051
999
861
1185
1087
936
978
1210
890
1017
932
1110
902
926
847
913
698
845
660
732
732
715
726
758
667
691
906
580
340

87
83
71
98
90
77
81
100
74
84
77
92
75
77
70
75
58
70
55
60
61
59
60
63
55
57
75
48
28
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